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ABSTRACT
The north-facing, estuarine shores o f barrier islands along the northern Gulf
o f Mexico are experiencing severe shoreline erosion. This erosion process is related
to storm events that occur when cold fronts pass along the coast. These cold fronts
are associated with the migration of extratropical (mid-latitude) cyclones and
anticyclones across the region in winter.
Wind data collected by a NOAA weather buoy over the period 1981-1997
were used, in conjunction with daily weather maps, to evaluate winter storm activity.
Seven synoptic weather patterns that produced extratropical storm events along the
northern Gulf Coast were identified. Statistics were computed for the mean and
m axim um speeds of the “northerly” winds produced by the 506 storms identified in

the study. Similar statistics were computed for the northwesterly and northeasterly
winds. The data indicate that northeasterly winds prevail over northwesterly winds by
a margin o f approximately 2 :1 between September and May, which may be used to
infer that the predominant direction of sediment transport is westward. This finding
was attributed to the clockwise wind rotation pattern of anticyclones that dominate
wind flow patterns in the region after cold fronts pass along the coast.
Oceanographic data collected during 3 storm events showed that low tide
levels reduced water depth across the shallow, nearshore platform which resulted in
waves expending their energy on the platform before reaching the foreshore. High
tide levels allowed waves to traverse the nearshore platform and expend their energy
on the foreshore. Thus, sediment transport occurs along the platform during low-tide
periods and along the foreshore during high tide periods. Variations in tides,

xiv
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therefore, may influence the predominant direction o f sediment transport along the
foreshore and the nearshore platform during storms in which the wind shifts from
northwest to northeast, which occurred in approximately 70% o f the storms.
Tropical Storm Josephine (October, 1996) disrupted the beach response
study; however, a noteworthy response was observed. The storm increased the width
o f the beach by transporting sediment from the backshore to the foreshore.
Extratropical storm impacts re-stored the beach to its original morphology by the end
o f the winter storm season.

xv
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CHAPTER 1
INTRODUCTION
The coastal perimeter o f the G ulf o f Mexico is lined with barrier islands that
buffer estuaries and mainland shores from the high-energy impacts o f waves
produced by storms on the open sea. The estuaries are generally perceived as
environments where low-energy wave conditions prevail, especially when compared
with the central region of the Gulf o f Mexico. However, physical evidence and
historical maps indicate that the north-facing, estuarine shores of barrier islands
along the northern Gulf Coast have experienced severe cases of chronic erosion.
Chronic erosion of the northern shores o f barrier islands in Mississippi
(Henry 1977a; Chaney and Stone 1996) and northwest Florida (Armbruster et al.
1995; Armbruster 1997) has been attributed to northerly winds associated with
winter storm events, however, many questions remain unanswered. In Louisiana, the
problem appears to be complicated by relative sea-level rise where rates in excess o f
10 mm yr"1have been recorded in recent history (Penland and Ramsey 1990). The
objectives of this research are to evaluate the variability in wind conditions (wind
speed, direction, and duration) that occur during these winter storm events, and to
evaluate the impacts of these storms along the northern coast of a barrier island. West
Ship Island, Mississippi, was chosen for this study because it is one of the more
prominent sites of coastal erosion in the region (Figure 1.1), and because relative sealevel rise is not considered to be a significant factor at the site (Chaney and Stone
1996).

1
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Figure 1.1. Evidence of wave erosion associated with ^northerly” winds produced by
winter storms in the northern Gulf o f Mexico. The upper photo shows the condition
o f the northern coast of West Ship Island, Mississippi, at the beginning o f the winter
storm season in September, 1993. The lower photo shows the condition of the coast
near the end of the winter storm season in March, 1994. Note the exposure of rocks
along the shoreline that were at one time part o f a breakwater system constructed by
local citizens to protect the foundation o f Fort Massachusetts (at left o f photo).

2
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As noted, physical evidence observed along the northern shores o f barrier
islands of the northern Gulf of Mexico indicates that these islands have experienced
chronic erosion. A common sight along the northern shores of these islands is the
exposed remnants o f an ancient marsh (Figure 1.2). The marsh material was
originally located in a low-lying area in the interior of the island. The exposure of
this material along the foreshore indicates that the shoreline has retreated landward a
significant distance over an extended period. A more common site along the northern
shores of these islands is the exposed roots o f living trees and shrubs. The trees and
shrubs originally developed landward o f the foredunes; however, their roots were
subsequently exposed along the foreshore as the shoreline retreated landward
(Figure 1.3). These types of physical evidence of chronic coastal erosion have been
observed at multiple sites along the northern Gulf o f Mexico including West Ship
Island, Mississippi, Santa Rosa Island, Florida, and near Fort Morgan, Alabama.
Historical maps also indicate that the northern shores of barrier islands o f the
northern Gulf of Mexico have experienced severe cases of chronic erosion. The
northern coast of West Ship Island, Mississippi retreated landward 0.5 m yr'1over
the period 1847-1986 (McBride et al. 1995), and the northern coast of Santa Rosa
Island, Florida retreated landward 0.6 m yr"1over the period 1856-1976 (US ACE
1979). It is important to note that the rate of relative sea-level rise averaged 1.5 mm
yr'1over the period 1939-1983 at a National Ocean Survey (NOS) tide gauge located
near West Ship Island Mississippi, and the rate o f relative sea-level rise averaged 2.3
mm yr'1over the period 1923-1980 at a NOS tide gauge located near Santa Rosa
Island Florida (Penland et al. 1989). The tide data collected at these two sites

3
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Figure 1.2. Ancient marsh material (peat) exposed along the shoreline by wave
erosion of the northern coast of West Ship Island, Mississippi. Photo taken by the
author in June, 1997.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 1.3. Roots o f trees and shrubs exposed along the foreshore by wave erosion of
the northern coast o f West Ship Island, Mississippi. Both photos were taken along
the eastern end of the island by the author. The upper photo was taken in August,
1996; the lower photo was taken in August, 1993.

5
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suggest that the local rates of relative sea-level rise were too low to have had
significant influences on the rates o f shoreline retreat observed along the islands.
In south-central Louisiana, historical maps indicate that the northern shores o f
Raccoon Island, Trinity Island, Whiskey Island, and East Island of the Isles Demieres
barrier island complex retreated an average o f approximately 2.1 m yr'1over the
period 1906-1988 (Williams et al. 1992). However, high rates of relative sea-level
rise have been observed in the region (Penland and Ramsey 1990). The Isles
Demieres are located approximately halfway between Eugene Island and Grand Isle,
which are located approximately 100 miles apart. The rate o f relative sea-level rise
averaged 11.9 mm yr'1over the period 1934-1974 at a NOS tide gauge located at
Eugene Island, Louisiana, and the rate o f relative sea level rise averaged 10.4 mm y r'1
over the period 1934-1974 at a NOS tide gauge located at Grand Isle, Louisiana
(Penland and Ramsey 1990). The rates o f relative sea-level rise observed near the
Isles Demieres (10.4 mm yr'1and 11.9 mm yr'1) were approximately five times
higher than the rates observed near West Ship Island, Mississippi (1.5 mm yr'1), and
Santa Rosa Island, Florida (2.4 mm yr'1). The rate o f shoreline retreat observed along
the Isles Demieres (2.1 m y r 1) was approximately four times higher than the rates
observed at West Ship Island (0.5 m y r 1) and Santa Rosa Island (0.6 m yr'1). The tide
data collected at Eugene Island and Grand Isle suggest that the higher rate of relative
sea-level rise along the south-central Louisiana coast may have had a significant
influence on the rate o f shoreline retreat observed along the Isle Demieres barrier
islands.

6
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As noted earlier, the erosion problem observed along the northern shores o f
barrier islands in Mississippi and northwest Florida has largely been attributed to
winter storm activity. At the conclusion o f a beach nourishment monitoring program
along the northern coast o f West Ship Island, Mississippi, which was conducted as a
response to severe erosion at the site, Henry (1977a) observed that “strong northers
during the winter months” were the primary forcing agent in erosion observed during
the study period. The term “norther” that Henry (1977a) used in the report refers to
northerly winds associated with cold air masses migrating southward in winter
(Moore 1988). The southward migrations o f these cold air masses are influenced by
mid-latitude cyclones (Moore 1988).
Mid-latitude cyclones are low-pressure weather systems with counter
clockwise wind rotation patterns. The rotation pattern of a mid-latitude cyclone acts
as a heat-transfer mechanism which transports cold air into southerly latitudes and
warm air into northerly latitudes. A distinguishing feature o f a mature mid-latitude
cyclone is the development of a “frontal system,” with the fronts representing the
leading edges of a cold air mass migrating southward and a warm air mass migrating
northward (Lutgens and Tarbuck 1992) (Figure 1.4). The cyclonic rotation o f these
weather systems produces a distinctive reversal in wind directions along the northern
Gulf Coast. As the cyclone migrates eastward across the central U.S., southerly, “prefrontal” winds from the Gulf of Mexico flow northward towards the center of the
low-pressure system. The leading edge o f the southward migrating cold air mass, the
“cold front,” subsequently crosses the coast and northerly, “post-frontal” winds
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prevail. These “northerly, post-frontal” winds are what Henry (1977a) was referring
to in the comment on “strong northers during the winter months.”

Figure 1.4. Diagram of a mid-latitude cyclone. The illustration shows the lowpressure center, frontal structure, and cyclonic (counter-clockwise) wind flow
patterns associated with a typical mid-latitude cyclone. This figure was originally
published by Lutgens and Tarbuck (1992).
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Many characteristics o f storms associated with mid-latitude cyclone activity
along the northern Gulf o f Mexico have been observed and noted in previous studies
(Davis 1972; Fox and Davis 1976; Henry 1977a; Kemp and Wells 1987; Roberts et
al. 1987, 1989; Reed 1989; Dingier and Reiss, 1990; Dingier et al. 1992, 1993; Hsu
1993; Leonard et al. 1995; Armbruster et al. 1995; Armbruster 1997; Chaney and
Stone 1996). This body o f literature contains invaluable data on storm dynamics and
their impacts in a diverse range o f coastal environments, but is limited in
comprehensive studies.
In contrast, storm conditions and impacts associated with mid-latitude
cyclone activity along the U.S. Atlantic Coast are better understood and documented
because coastal storms in this area have received greater attention from the scientific
community (Mather et al. 1964, 1967, Davis et al. 1972; Hayden and Dolan 1977;
Nordstrom 1980; Dolan et al. 1988; Nordstrom and Jackson 1992; Jackson 1995;
Dolan and Davis 1992a, 1992b; Davis et al. 1993; Davis and Dolan 1993; Jones and
Davis 1995). Among the contributions o f these studies are the identification of a
complex assortment o f weather patterns associated with storm activity along the
Atlantic Coast (8 distinct storm types) (Davis et al. 1993; Davis and Dolan 1993), the
development o f a sophisticated, five-class, storm-magnitude scale for evaluating the
impacts of individual storm events (Dolan and Davis 1992a), and the determination
o f the average frequency o f storms in each o f the five storm-magnitude classes for
evaluating the annual variability in storm activity (Dolan and Davis 1992a).
Although Roberts et al. (1987) and Hsu (1993) have conducted research on
storm types and storm magnitudes for the G ulf of Mexico, the two major storm types
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identified by Roberts et al. (1987) were identified as the end members o f a "'spectrum
o f cold front types,” and Hsu’s (1993) research focused on Gulf cyclones which were
not identified as a major storm type by Roberts et al. (1987).
A noteworthy finding of the research conducted along the U.S. Atlantic Coast
is that coastal storms were also produced by “anticyclones” that originated in mid
latitude regions (Dolan et al. 1988; Davis et al. 1993; Davis and Dolan 1993).
Anticyclones are the exact opposite o f cyclones in that they are high-pressure
weather systems with clockwise wind rotation patterns. Although Roberts et al.
(1987) did not specifically identify anticyclones as one of the two major storm types
for the Gulf o f Mexico, one o f the supporting diagrams of the two major storm types
resembles an anticyclone. Furthermore, a subsequent field study o f a cold front
passage at Trinity Island, Louisiana, noted that the prevailing wind direction shifted
from onshore to offshore when the “high-pressure” weather system {i.e. anticyclone)
moved out o f the area (Dingier et al. 1993). Coastal storms along the G ulf Coast and
the Atlantic Coast are evidently associated with both mid-latitude “cyclones” and
“anticyclones.”
Another point worth noting is that the terms “extratropical storm” and
“extratropical cyclone” are consistently used in the Atlantic Coast literature to
distinguish between coastal storms associated with tropical weather system {i.e.
hurricanes), and coastal storms associated with extratropical (mid-latitude) weather
systems (Mather et al. 1967, Hayden and Dolan 1977; Dolan et al. 1988; Dolan and
Davis 1992; Davis et al. 1993; Davis and Dolan 1993; Jones and Davis 1995). Since
coastal storms along the Gulf Coast and the Atlantic Coast are evidently associated
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with both “cyclones” and “anticyclones,” the term “extratropical storm,” appears to
be the most “inclusive” term for describing these coastal storm events. And since the
term “extratropical storm” is well established in the literature on coastal storms along
the Atlantic Coast, this term will be used in subsequent discussions in this paper
when referring to coastal storms associated with mid-latitude cyclone and anticyclone
activity along the northern Gulf o f Mexico.
The remainder of this chapter includes two sections on the findings of
previous research on extratropical storm dynamics and impacts along the U.S.
Atlantic Coast and the Gulf Coast, and a section on the objectives and methods of
this dissertation research. The research design includes a comprehensive study of
extratropical storm activity at West Ship Island, Mississippi (based on a multi-year
record of weather conditions in the area), and a one-year field study of storm impacts
along the northern coast o f the island. This dissertation research was designed to
build upon the present body o f scientific literature on extratropical storm activity in
the northern Gulf o f Mexico which is evidently at an early stage o f development.
EXTRATROPICAL STORMS
One o f the most active areas of mid-latitude cyclone formation is along the
lee (eastern) side o f the Rocky Mountains (Reitan 1974; Zishka and Smith 1980;
Roebber 1984). These cyclones follow the path o f the polar jet stream which flows
along the boundary o f the circumpolar vortex. The annual cycle of differential
heating associated with the Earth’s orbit causes the circumpolar vortex in the
northern hemisphere to expand in autumn and recede in spring. This annual cycle
steers mid-latitude cyclones into more southerly latitudes in winter (Hayden and
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Dolan 1977) which increases the frequency o f cold front passages, and thus
extratropical storm activity, along the northern Gulf Coast in winter (Figure 1.5).
Approximately 45 cold fronts pass along the northern Gulf Coast each year (DiMego
etal. 1976; Henry 1977b).
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Figure 1.5 Average monthly frequency of cold front passages along the northern Gulf
Coast over the period 1967-1977. This figure is based on data published by Henry
(1977b).

The path o f the polar jet stream around the globe resembles a series of
standing waves with poleward ridges and equatorward troughs known as Rossby
waves (Lydolph 1985; Lutgens and Tarbuck 1992). The amplitude o f Rossby waves
across the U.S. is influenced by the Pacific / North American (PNA) teleconnection
(Wallace and Gutzler 1981; Leathers et al. 1991). The PNA teleconnection is
composed o f three upper-level atmospheric pressure centers: a low-pressure center
over the Aleutian Islands, a high-pressure center over western Canada, and a lowpressure center over the eastern U.S. If the intensities o f these pressure centers are
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weak (negative PNA Index), then the polar jet stream follows a zonal (flat) path
across the U.S. that steers cyclones along a more northerly track (Figure 1.6). If the
intensities o f these pressure centers are strong (positive PNA Index), then the polar
jet stream follows a meridional (amplified) path across the U.S. that steers cyclones
into more southerly latitudes. Since a relationship has been identified between the
PNA Index and rainfall patterns over the southeastern U.S. (Henderson and Robinson
1994), the PNA Index may also prove to be an indicator of extratropical storm
activity along the Gulf Coast.
Roberts et al. (1987, 1989) identified two distinct types of “cold fronts”
which produced storms along the northern Gulf of Mexico (Figure 1.7). These two
weather patterns were identified as the eastward migrating cyclone and the arctic
surge, however, it was noted that these two types of “cold fronts” were the endmembers o f a spectrum o f “cold front types.” The diagram o f the eastward migrating
cyclone provided by Roberts et al. (1987) resembles the diagram of a classic mid
latitude cyclone shown in Figure 1.4, especially with the cold front passing along the
northern Gulf Coast. The diagram o f the arctic surge provided by Roberts et al.
(1987) shows the cold front along the northern Gulf Coast as the leading edge o f an
anticyclone which appears to have migrated southward from Canada. The arctic
surge was associated with “southward surges o f arctic air” (Roberts et al. 1987)
which evidently refers to the southward migration of a “continental arctic” air mass
(Lutgens and Tarbuck 1992). Continental arctic air masses are high-pressure weather
systems (i.e. anticyclones) that reside over northern Canada (Lutgens and Tarbuck
1992).
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Figure 1.6. Zonal (a) and Meridional (b) flow patterns o f the polar je t stream across
the central U.S. This figure was originally published by Jones and Davis (1995).
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Figure 1.7. Cold front types identified by Roberts et al. (1987). The upper diagram
shows the eastward migrating cyclone and the lower diagram shows the arctic surge.
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The diagram o f the arctic surge identified by Roberts et al. (1987) also
resembles the d iag ram o f the Continental High “synoptic weather type” identified by
Muller and Wax (1977), and the diagram o f the eastward migrating cyclone
identified by Roberts et al. (1987) resembles the diagram of the Pacific High
identified by Muller and W'ax (1977) (Figure 1.8). Muller and Wax (1977) also
identified a synoptic weather type known as Frontal Overrunning that occurs after a
cold front passes over the coast. The average annual frequency of Frontal
Overrunning is approximately 66.4 days per year, with the highest average frequency
in January (11.5 days) (LOSC 1997). It is important to note that the frequencies o f
these “synoptic weather types” are recorded by the “number o f days” the weather
type is observed, not by the “number o f events.”
Another type o f mid-latitude cyclone associated with storm activity in the
Gulf o f Mexico is the Gulf cyclone. Approximately 10 Gulf cyclones develop over
the eastern Texas / western Gulf o f Mexico region each year (Saucier 1949; Hsu
1993). Gulf cyclones may develop over land or water (Saucier 1949), and may
intensify as they migrate eastward over the Gulf of Mexico (Johnson et al. 1984;
Lewis and Hsu 1992). Research on coastal storm activity along the U.S. Atlantic
Coast suggests that G ulf cyclone storm tracks often pass across the central region o f
the Gulf of Mexico, make landfall along the Florida panhandle, then migrate
northeastward along the Atlantic Coast (Davis and Dolan 1993; Davis et al. 1993).
Although a frontal system may develop as the cyclone matures over the Gulf
o f Mexico (Atlas et al. 1983; Lewis and Hsu 1992), it appears that the cold fronts
rarely impact the north-central Gulf Coast because of the southerly storm track. The
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Figure 1.8. Synoptic weather types identified by Muller and Wax (1977). The upper
diagram shows the Pacific High weather type associated with the eastward migration
o f a high-pressure air mass behind a cold front. The lower diagram shows the
Continental High weather type associated with the southward migration of a highpressure air mass behind a cold front.
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low-pressure weather system, however, sets up a pressure gradient in the region that
produces intense, northerly winds along the northern Gulf Coast. Therefore, these
weather systems still represent a threat to the northern shores of barrier islands along
the northern Gulf of Mexico. Furthermore, if the storm track turned northward, the
impact along the barrier islands would most likely resemble the impact o f a minor
hurricane. Hsu (1993) proposed an intensity scale for Gulf cyclones based on the
m inim um central pressure of the cyclone which relates to wind speed (Table 1.1).

The “Hsu scale” suggests that the physical impact of a Class 5 Gulf cyclone would
approach the impact of Class 1 hurricane (Table 1.2).

Table 1.1 Hsu Scale of storm intensity for Gulf cyclones. The scale was based on the
minimum central pressure of extratropical cyclones in the Gulf of Mexico from
1972-1982 (Hsu 1993).
Gulf Cyclone
Storm Class
I
2
3
4

Sustained
Wind Speed
(m/s)
8-10
11-14
15-17
18-21
22-25

Sustained
Wind Speed
(mph)
18-24
25-33
34-39
40-48
49-56

Central
Pressure
(mb)
1014-1013
1012-1007
1006-1001
1000-991
990-981

Table 1.2. Saffir-Simpson Scale o f storm intensity for hurricanes. The scale is based
on the sustained wind speed o f tropical cyclones (Simspon 1974).
Hurricane
Storm Class
1
2
3
4
5

Sustained
Wind Speed
(m/s)
33-42
43-49
50-58
59-69
>69

Sustained
Wind Speed
(mph)
74-95
96-110
111-130
131-155
> 155

Central
Pressure
(mb)
>979
965-979
945-964
920-944
<920
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Atmospheric instability associated with a cold front passage has been cited as
a significant factor in Gulf cyclone development (Saucier 1949; DiMego et al. 1976;
Johnson et al. 1984). A classic example is the "Storm o f the Century" o f March, 1993
(Walker 1993; Schuman et al. 1995). The storm initially developed along a cold front
stalled over the Gulf o f Mexico. The cyclone then migrated eastward across the Gulf
and produced a 4 m storm surge when it made landfall along the Florida panhandle
(Schuman et al. 1995). The central pressure o f the cyclone was approximately 977
mb when it made landfall (Schuman et al. 1995). This equates to a wind speed of
approximately 26 m sec'1 (Hsu 1993) which indicates that the storm was greater than
a Class 5 cyclone on the “Hsu Scale.” The storm subsequently migrated
northeastward along the Atlantic Coast and grew to the size o f a full-scale, mid
latitude cyclone when it reached the northeastern U.S. The tremendous amount of
damage caused by the storm led to its famous name (Schuman et al. 1995).
Coastal storms associated with mid-latitude cyclone activity along the
Atlantic Coast are commonly known as “northeasters” because northeasterly winds
often prevail during the storm (Davis and Dolan 1993). Mather et al. (1964)
reviewed northeaster activity along the Atlantic Coast for the period 1921-1962 and
identified eight types of weather patterns which produced coastal storms. Tropical
cyclones were identified as one storm type, localized storms associated with squall
lines that precede cold fronts were identified as a second storm type, and various
forms of mid-latitude cyclone activity were associated with the remaining six storm
types. These six storm types included cyclones that developed eastward o f the
Atlantic Coast near Cuba or the Bahamas, cyclones that developed along stationary
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fronts over the southeastern U.S. (or just off the Atlantic Coast), cyclones that
developed along stationary fronts over the Gulf o f Mexico (Gulf cyclones), cyclones
that developed along the mid-Atlantic Coast near Cape Hatteras, North Carolina,
cyclones that developed in the interior o f the U.S. and migrated eastward across the
Atlantic Coast, and cyclones that developed in the interior o f the U.S. and migrated
northeastward along the Atlantic Coast (but remained over land). Mather et al.
(1967) subsequently published an evaluation o f the spatial extent o f the impacts of
these storms along the Atlantic Coast over the period 1935-1964.
Hayden and Dolan (1977) evaluated extratropical storm activity along the
Atlantic Coast for the period 1952-1974 and noted a distinct relationship between the
average latitudinal position o f the polar jet stream each month o f the year and the
monthly frequency of storms at Cape Hatteras, North Carolina. An updated review of
variability in the position o f the polar jet stream and extratropical storm activity
along the Atlantic Coast was most recently published by Jones and Davis (1995).
Dolan et al. (1988) used estimates o f deep-water wave heights during storms at Cape
Hatteras, North Carolina, to evaluate seasonal variability in extratropical storm
intensity and duration for the period 1942-1984. Dolan and Davis (1992a, 1992b)
subsequently proposed a storm intensity scale based on those estimates (Table 1.3).
Davis et al. (1993), and Davis and Dolan (1993) identified eight synoptic
weather patterns associated with extratropical storm activity along the Atlantic Coast,
seven o f which corresponded with those previously identified by Mather et al.
(1964). These seven storm types were identified as the Bahamas Low, Florida Low,
Gulf Low, Coastal Plain Cyclogenesis, Hatteras Low, Continental Low, and the
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Coastal Front. The additional storm type identified by Davis et al. (1993) and Davis
and Dolan (1993) was the Anticyclone. Davis et al. (1993) noted that anticyclones
originate over the Great Basin and northern Plains o f the U.S., and over central
Canada, and then migrate eastward across the U.S. to the Atlantic Coast to produce
northeaster storms. It should be noted that Dolan et al. (1988) had previously
associated anticyclones with extratropical storm activity along the Atlantic Coast.
Extratropical storms have therefore been associated with both mid-latitude '‘cyclone”
and “anticyclone” activity along both the Atlantic Coast (Dolan et al. 1988; Davis et
al. 1993; and Davis and Dolan 1993), and the G ulf Coast (Roberts et al. 1987;
Dingier et al. 1993). The storm types identified by Davis et al. (1993) and Davis and
Dolan (1993) are shown in Figure 1.9.

Table 1.3. Dolan-Davis Scale of storm intensity for northeasters at Cape Hatteras,
North Carolina. The scale was based on data collected for 1942-1984. Storm duration
(T) was identified as the total number o f hours that significant wave heights (Hs)
exceeded 1.6 m. Storm power was based on the following equation [ (Maximum
Hs)2 * T ]. (Dolan and Davis 1992a).
Northeaster
Storm Class
1
2
3
4
5

Avg. Annual
Frequency
(# of storms)
16.0
8.1
7.1
0.8
0.1

Avg. Significant
Wave Height
(m)
2.0
2.5
3.3
5.0
7.0

Average
Storm Duration
(hours)
8
18
34
63
96

Average
Storm Power
(nr hr)
32
107
353
1455
4548
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Figure 1.9. Formation regions and storm tracks of the eight northeaster storm types
identified by Davis et al. (1993) and Davis and Dolan (1993). The shaded areas show
the areas o f formation and the arrows show the storm tracks. This diagram was
originally published by Jones and Davis (1995).

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A number o f the more recent studies on northeaster activity along the Atlantic
Coast emphasized the need to distinguish between storms associated with
extratropical weather systems and tropical weather systems because they differed
considerably in size, frequency, and intensity (Dolan and Davis 1992; Davis et al.
1993; Davis and Dolan 1993; and Jones and Davis 1995). These studies noted that
although tropical cyclones (i.e. hurricanes) are associated with extremely intense
storm events (as evidenced by the Saffir-Simpson hurricane intensity scale shown in
Table 1.2), extratropical weather systems actually produce geographically larger and
more frequent storm events. They also noted that extratropical storms were shown by
Mather et al. (1964) to be responsible for a greater amount of damage along Atlantic
Coast barrier islands.
The same points regarding the impacts o f northeasters and hurricanes along
the Atlantic Coast were made in an earlier paper by Wolman and Miller (1960)
which considered “the relative importance in geomorphic processes of extreme or
catastrophic events and more frequent events o f smaller magnitude.” Roberts et al.
(1987) made a similar observation on the difference between the impacts of cold
fronts and hurricanes along the northern Gulf o f Mexico and noted that cold fronts
“appear to drive greater cumulative physical change.”
Coastal storm research in the U.S. has traditionally focused on tropical
cyclone (i.e. hurricane) activity (Sheets 1990), and the impacts o f Hurricane Andrew
in 1992 (Stone and Finkl 1995) and Hurricane Opal in 1995 (Stone et al. 1996)
provided more recent opportunities for research on these storms in the Gulf o f
Mexico. The frequency o f tropical cyclone activity in the Gulf, however, is relatively
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low at approximately 3 storms per year. More specifically, approximately I. I
“hurricanes” and 1.6 “tropical storms” per year made landfall in the G ulf o f Mexico
over the period 1941-1990 (NOAA 1993). It should be noted that tropical cyclones
with sustained wind speeds equal to or greater than 18 m sec'1 (38 mph), but less than
33 m sec'1(74 mph), are technically classified as “tropical storms,” and tropical
cyclones with sustained wind speeds o f 33 m sec'1(74 mph) or greater are technically
classified as “hurricanes” (NOAA 1977, 1993).
In recent years, extratropical storms have received greater attention from
researchers working along both the Atlantic Coast and the Gulf Coast. The scientific
interest in extratropical storm activity along the northern Gulf of Mexico appears
justly warranted, especially when considering the chronic shoreline erosion problem
observed along the northern shores o f barrier islands in the region, the limited
availability o f scientific literature on extratropical storm activity in the region, the
significant difference in the frequency o f cold fronts and tropical cyclones that
impact the Gulf Coast each year, and the observations o f Roberts et al. (1987) on the
predominant influence o f cold fronts along the northern Gulf Coast.
FIELD STUDIES OF EXTRATROPICAL STORM IMPACTS
Field research on extratropical storm impacts has been conducted in a diverse
range of environmental settings along the Gulf Coast, the Atlantic Coast, and the
shores of Lake Michigan. In the Gulf o f Mexico, studies have been conducted along
the coastal plain shores o f Tabasco, Mexico (Psuty 1965, 1967); the G ulf coast of
Mustang Island, Texas (Davis 1972; Fox and Davis 1976); the muddy, chenier plain
coasts of southwestern Louisiana (Kemp and Wells 1987; Roberts et al. 1987, 1989),
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the Gulf coast of Trinity Island, Louisiana (Dingier and Reiss 1990; Dingier et cd.
1992, 1993); along the north-facing, bayside shores of Santa Rosa Island, Florida
(Armbruster et al. 1995; Armbuster 1997) and West Ship Island, Mississippi
(Chaney and Stone 1996); and in the coastal marsh settings o f Terrebonne Bay,
Louisiana (Reed 1989) and Crystal River, Florida (Leonard et al. 1995).
Field studies on cold fronts have also been conducted along both eastern and
western shores of Lake Michigan (Fox and Davis 1970, 1976). The impacts o f
northeasters have been studied along both ocean and bayside coasts of Sandy Hook
Spit, New Jersey (Nordstrom 1980), and along the estuarine shores o f Raritan Bay
and Delaware Bay, New Jersey (Nordstrom 1980; Nordstrom and Jackson 1992; and
Jackson 1995).
These studies identified a number of ways in which extratropical storms
influenced coastal environments and proposed several conceptual models on storm
dynamics and beach responses. The following review discusses the more significant
contributions of these studies. The morphological zones of the beach referred to in
this discussion are illustrated in Figure 1.10.
A field study o f beach ridge development along the coastal plain shores o f
Tabasco, Mexico (Psuty 1965, 1967) was one o f the earliest studies to suggest that
extratropical storms play a significant role in the evolution o f coastal environments
o f the Gulf of Mexico. Cold fronts penetrating deep into the G ulf produce strong
northerly winds along the Tabasco coast which are locally known as "Nortes." Norte
winds were observed increasing wave heights and water levels which repeatedly
overwashed the beach. These overwash events redistributed sediment supplied by a
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local source, the Grijalva River, which contributed to the development o f the beachridge plain along the coast. Taylor and Stone (1996) have since disputed Psuty’s
(1965, 1967) interpretation of the role o f storms in beach ridge development.
Fox and Davis (1976) proposed a conceptual model o f storm dynamics for a
cold front passage along the Texas coast based on the experienced gained in three 30day field studies conducted along the shores o f Lake Michigan and two 30-day field
studies conducted along the Gulf coast of Mustang Island, Texas (Fox and Davis
1970,1976). The model for the Texas coast (Figure 1.11) shows that barometric
pressure decreases as the front passes over the coast, and then barometric pressure
and wind speed subsequently increase. Also, a reversal in wind direction as the front
passes over the coast results in a reversal in alongshore current direction. More
specifically, Fox and Davis (1976) suggested that wind direction shifts from
southwest to northeast when a cold front passes along the Texas coast. After the front
passes over the coast, wind speeds peak at 15 m sec'1, wave heights peak at 1.2 m,
and alongshore surface currents peak at 60 cm sec'1. Also, wind speeds average 8-10
m s e c 1over the duration o f a storm.
Roberts et al. (1987, 1989) proposed a three-phase conceptual model of storm
dynamics for a cold front passage along the Louisiana coast (Figure 1.12 and 1.13).
The three phases o f the model are the pre-frontal, the frontal passage, and the postfrontal. The pre-frontal phase consists o f southerly winds which direct waves onshore
and setup water levels along the coast. The frontal passage phase consists o f a
decrease in barometric pressure and increase in wind speed. The post-frontal phase
consists o f a distinct shift from southerly to northerly winds which consequently re-
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Figure 1.11. Conceptual model of storm dynamics for a cold front passage along the
G ulf coast o f Mustang Island, Texas. The numbers along the bottom o f the diagram
correspond to different phases of the storm with #3 representing the frontal passage
(Fox and Davis 1976).
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Figure 1.12. Conceptual model of atmospheric conditions along a cross-sectional
profile o f a cold front (Roberts et al. 1987).
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direct waves offshore and setdown water levels along the coast The post-frontal
phase also includes an increase in barometric pressure and a decrease in temperature.
Fronts oriented at oblique angles (NE-SW) to the Louisiana coast were associated
with southeasterly, pre-frontal winds, and fronts oriented parallel to the coast (E-W)
were associated with southwesterly, pre-frontal winds.
As noted earlier, Roberts et al. (1987,1989) identified two distinct types of
cold fronts: the eastward migrating cyclone and the arctic surge. The eastward
migrating cyclone was identified as having “stronger” pre-frontal winds, but
“weaker” post-frontal winds, than the arctic surge type. The eastward migrating
cyclone was also associated with fronts oriented at oblique angles to the coast, and
the arctic surge was associated with fronts oriented parallel to the coast.
Roberts et al. (1987) observed that although hurricanes produced more
“violent” storms, cold fronts appeared to have a “greater cumulative effect” along
Louisiana coasts because o f their “uniform direction of approach, repeated pattern o f
wind changes, large spatial scales, and much higher frequency of occurrence.”
Roberts et al. (1987) discussed a number of ways in which pre- and post-frontal
storm conditions may impact Louisiana’s coastal environments which include the
sediment-rich coast o f the Atchafalaya Delta, the transitional coast of the chenier
plain in southwestern Louisiana, and the sediment-poor coasts o f Louisiana’s barrier
islands. The most relevant aspect of this discussion to the focus o f this dissertation
research was the observation that northerly, post-frontal winds produced “shortfetch” waves in the back-barrier lagoons which impact the northern shores o f the
barrier islands.
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As suggested by Roberts et al. (1987), subsequent research indicated that cold
fronts had a significant influence on sediment transport processes along the muddy,
chenier plain coasts o f southwestern Louisiana (Roberts et al. 1989). Field
observations indicated that southeasterly, pre-frontal winds and waves directed
sediment-laden waters o f the Atchafalaya River "mud-stream" westward along the
coast and overwashed the beach. Northerly, post-frontal winds subsequently setdown
water levels and desiccated the muddy washover deposits. The end result was
progradation o f the shoreline through armoring o f the beach with muddy, cohesive
sediments (Roberts et al. 1989).
Dingier et al. (1992) monitored the post-frontal phase of an arctic surge
during an 8-day field study along the Gulf coast of Trinity Island, Louisiana. The
front stalled along the coast and produced strong northerly winds in excess o f 6 m
sec'1 for approximately 4 days. The maximum wind speed during this period was
approximately 11 m sec'1. The northerly, post-frontal winds transported backshore
sands to the upper beach face while waves transported lower beach face sediment
offshore. Erosion along the backshore of the 400 m wide monitoring site was 1.26 m3
m '\ During the remaining 4 days of the study, weak southerly winds (6 m sec'1or
less) transported upper beach face sands to the backshore. Deposition along the
backshore was 0.45 m3 m '1. The end result was minimal erosion of the backshore by
aeolian transport and moderate erosion of the beach face by storm waves.
Dingier et al. (1993) presented evidence for a cyclical pattern o f beach profile
responses to storm impacts based on a 5-year study along the Gulf coast of Trinity
Island, Louisiana. Survey data showed that between August, 1986, and mid-
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September, 1988, shoreline retreat at the site averaged approximately 17.5 m y r'1. In
late-September, 1988, storm waves from Hurricane Gilbert overwashed the site and
eroded 9 m of shoreline. The position of the shoreline remained relatively unchanged
during the post-hurricane period from late-September, 1988, to November, 1989.
Between November, 1989, and April, 1991, shoreline retreat returned to its prehurricane Gilbert rate. Although the initial impact o f the hurricane eroded the
shoreline, the end result was a temporary reduction in the rate o f shoreline retreat.
In the first phase o f the cycle, hurricane-induced storm waves overwash the
beach and flatten the profile (Figure 1.14). In the second phase, southerly, pre-frontal
storm waves repeatedly overwash the beach and deposit sediment along the crest of
the berm and the backshore. In the third phase, the profile reaches a critical state
where the elevation of the berm crest and the slope o f the beach face inhibit further
overwash. At this critical point, the beach face begins to erode and returns to its prehurricane rate of shoreline retreat. Finally, a subsequent hurricane impact overwashes
the beach and the cycle repeats (Dingier et al. 1993).
Nordstrom and Jackson (1992) proposed a conceptual model o f profile
responses to storm impacts for estuarine beaches. The model was based on a long
term study of northeaster impacts along the Atlantic coast. The field research was
conducted on Raritan Bay and Delaware Bay, New Jersey, over the period 19721990. Both estuaries are micro-tidal environments with spring tidal ranges of
approximately 2.0 m. The model includes two alternative responses o f the profile to
storm impacts based on wave height (Figure 1.15). In the first response, the slope of
the beach flattens as sediment is eroded from the upper beach face and deposited
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Pre-Hurricane

Post-Hurricane
Phase 1: Flattening of beach profile
by hurricane overwash

Phase 2: Aggradation of berm crest
by pre-frontal storm overwash

Phase 3: Erosion of beach face
by pre-frontal storm waves

Figure 1.14. Conceptual model of beach profile responses to hurricane overwash and
cold front impacts along the Gulf coast o f Trinity Island, Louisiana. In phase 1,
hurricane-induced storm waves overwash the beach and flatten the slope of the
profile. In phase 2, pre-frontal passage storm waves deposit sediment along the crest
o f the berm. In phase 3, pre-frontal passage storm waves erode the beach face once
the elevation of the berm and the slope of the beach reach a critical level. The
diagram is based on the observations of Dingier et al. (1993).
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Response 1

Response 2

Storm Waves o f 0.4-0.8 m

Storm Waves o f 0.4 m or less
Parallel Retreat or Advance

Erosion

Deposition

Figure 1.15. Conceptual models of beach profile responses to northeaster storm
impacts along an estuarine coast. Response 1 shows upper foreshore erosion and
lower foreshore deposition. This response occurs at all locations along the beach.
Response 2 shows parallel retreat or advance o f the entire beach face. The response
at any given point is related to its relative location within an isolated cell, and the
direction o f sediment transport. This diagram is based on models published in
Nordstrom (1992) and Nordstrom and Jackson (1992).
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along the lower beach face and step. The volume of sediment exchanged between
upper and lower sections o f the foreshore determines the magnitude o f change in the
slope o f the beach. This response was associated with storm wave heights o f 0.4-0.8
m.
In the second response, the slope of the beach remains constant as the entire
beach face undergoes either parallel retreat or advance. This response occurs within
isolated cells between headlands or man-made structures. The response at any given
location is related to the direction of sediment transport within the cell, and the
relative location of the profile along the cell. Therefore, profiles located near
endpoints o f cells show greater magnitudes o f change than profiles located near
midpoints (Nordstorm 1992). This response was associated with storm wave heights
o f 0.4 m or less.
In each response, sediment exchange was restricted to the beach: no post
storm recovery phase was detected. Sediment eroded from the beach was thought to
be distributed as a thin veneer across the low-tide terrace. Because each site has
semi-diumal tides, the high level of activity across the low-tide terrace was thought
to inhibit nearshore bar formation which contributed to the absence o f a post-storm
recovery phase (Nordstorm 1992).
Armbruster et al. (1995) conducted a 28-day field study of cold front impacts
along the north-facing, bayside coast of Santa Rosa Island, Florida. The impacts o f an
arctic surge and three migrating cyclones were observed during the study. The postfrontal phase of the arctic singe was associated with a significant decrease in water
levels in Pensacola Bay, Florida, and the pre-frontal phases o f the migrating cyclones
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were associated with significant increases in water levels in the bay. Data presented
for the post-frontal phase of the third migrating cyclone observed during the study
indicated that winds were from the northwest, wind speeds exceeded 6 m sec'1 for 10
hours (max. = 9.3 m s e c 1) and significant wave heights exceeded 14 cm for 6 hours
(max. = 18 cm). Eastward, alongshore currents exceeded 5 cm sec'1throughout the
14 hour monitoring period (max. = 11 cm sec'1), and onshore currents remained
under 4 cm sec'1throughout the 14 hour monitoring period.
Survey data collected by Armbruster et al. (1995) indicated that the foreshore
o f the beach increased 0.25 m in width (at 0 elevation NGVD), but decreased 0.69
m3 in volume, from the impact o f the first storm (the arctic surge). The foreshore
increased in width and volume (+0.26 m and + 0.75 m3 , respectively) from the
impacts of the second and third storms, combined. The foreshore subsequently
decreased 1.75 m in width and 1.98 m3 in volume from the impact o f the final storm.
The final results indicated that the foreshore decreased 1.65 m in width and
decreased 1.76 m3 in volume from the impact of the four storms.
Armbruster (1997) presented additional results from the field study conducted
along the northern coast of Santa Rosa Island, Florida (Armbruster et al. 1995). Two
sites had been monitored during a 21-week study period that extended from
December, 1994, to May, 1995. Site 1 extended 120 m along the coast and consisted
o f 5 profile lines spaced at 30 m intervals. Site 2 extended approximately 300 m
along the coast and was composed o f 4 profile lines spaced at approximately 100 m
intervals. Site 1 was located westward o f Site 2. Site 1 decreased in volume
approximately 1.65 m3 m '1by the end of the study period. The western 200 m o f Site
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2 decreased in volume approximately 0.3 m3 m*1during the study period, but the
eastern 100 m increased in volume approximately 1.5 m3 m‘*. The shoreline
retreated landward an average distance o f 0.76 m3 at the two sites, but distances
varied considerably and ranged from +3.0 m to -3.5 m.
Armbruster (1997) suggested that changes in water level were a significant
component of storm dynamics because they influenced the height at which storm
waves impacted the foreshore. Armbruster (1997) also noted that the depth o f water
across the nearshore platform was a significant factor in storm dynamics. The
coincidence of a storm and a low tidal period would result in a significant dissipation
o f wave energy along the platform, thus reducing the impact of storm waves on the
foreshore. A significant amount of variability in foreshore responses to storms was
also observed laterally along the beach. Different sectors o f the beach appeared to
serve as sources of sediment to other sectors o f the beach, with the backshore /
foredune area serving as the primary source o f sediment along the beach, and the
nearshore platform serving as the ultimate sink. The foreshore consequently
experiences short-term, localized increases in width and volume, but ultimately
suffers chronic erosion as sediment is removed from the foreshore (alongshore)
sediment transport system and deposited on the nearshore platform.
Chaney and Stone (1996) reported the results o f a beach monitoring study
that was conducted by the National Park Service along the north-facing, soundside
coast o f West Ship Island, Mississippi. The data were collected along a section o f the
coast adjacent to Fort Massachusetts. The fort was constructed in the 1860s and is
registered as a historic national monument. The National Park Service had nourished
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the beach on several occasions to protect the fort from shoreline erosion. Survey data
collected along a section o f the coast nourished 10 years earlier indicated that a
typical profile experienced approximately 3.8 m o f shoreline retreat and 4.0 m3 of
volume loss per year. More importantly, the winter surveys showed the highest
annual

rates o f erosion ( - 6 .5 m and -5 .0 m3), and the summer surveys showed little or

no deposition.
Lastly, Reed (1989) investigated the impacts o f cold fronts in a coastal marsh
environment in Terrebonne Bay, Louisiana. This research indicated that southerly,
pre-frontal winds re-suspended bottom sediments and increased water levels.
Northerly, post-frontal winds subsequently decreased water levels which stranded
sediment on the surface o f the marsh. Since these environments are subject to high
rates of subsidence, cold front-induced sedimentation was thought to play a
significant role in the evolution o f the marsh. A similar pattern of sediment
redistribution within a coastal marsh was observed in later research at Crystal River,
Florida (Leonard et al. 1995).
In summary, these studies have shown that extratropical storms play a
significant role in the evolution o f a diverse spectrum o f coastal environments, their
contributions may be either constructive or destructive, and their influence extends
over a broad latitudinal range.
RESEARCH OBJECTIVES
As noted in the introductory section, northerly winds associated with winter
storm events have been identified as the primary forcing agent in severe cases of
chronic erosion observed along the northern coasts of barrier islands of the northern
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Gulf o f Mexico (Henry 1977a; Armbruster et al. 1995; Armbruster 1997; and Chaney
and Stone 1996). These winter storm events were shown to be associated with mid
latitude cyclones and anticyclones (Roberts et al. 1987,1989; Dingier et al. 1993). A
considerable amount o f research has been conducted on coastal storms associated
with mid-latitude cyclones and anticyclone activity along the U.S. Atlantic Coast
where these events are technically known as extratropical storms, and commonly
referred to as northeasters (Dolan and Davis 1992; Davis and Dolan 1993). Scientific
studies along the Atlantic Coast have identified eight distinct weather patterns
associated with extratropical storm activity (Davis et al. 1993; Davis and Dolan
1993), developed a five-class storm magnitude scale for evaluating the impacts of
individual storm events (Dolan and Davis 1992), and determined the average
frequency o f storms in each o f the five storm-magnitude classes for evaluating the
annual variability in storm activity (Dolan and Davis 1992).
Roberts et al. (1987) identified two distinct types of cold fronts for the
northern Gulf o f Mexico. However, the full range o f storm wind conditions (wind
speed, direction, and duration) associated with the pre- and post-frontal phases of the
two storm types have not been quantified in a comprehensive analysis. Hsu (1993)
developed a storm-magnitude scale for Gulf cyclones which relates to wind speeds,
but two other significant characteristics of storms produced by Gulf cyclones have
not been quantified yet: wind direction and storm duration.
It is clearly evident that further research needs to be conducted on
extratropical storms in the northern Gulf of Mexico to attain the level o f
understanding o f extratropical storm activity that presently exists along the U.S.
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Atlantic Coast. The primary issue that needs to be addressed at this stage o f the
research is the range o f storm wind conditions that occur along the northern Gulf
Coast The purpose of determining the range o f storm wind conditions that occur in
the region is to establish a baseline for evaluating the range o f storm impacts that
occur in the region. The primary objective of this dissertation research, therefore, is
to conduct a historical study of extratropical storm activity at the study site, West
Ship Island, Mississippi.
In keeping with the focus o f this dissertation research on the chronic erosion
problem observed along the northern shores o f barrier islands, the research will be
restricted to the northerly winds produced by storms. A long-term collection of wind
data recorded by a National Oceanographic and Atmospheric Administration
(NOAA) weather buoy will be used, in conjunction with daily weather maps
produced by NOAA, to determine the basic characteristics of the northerly winds
produced by storms (mean wind speed, maximum wind speed, storm duration). The
storm characteristics data will be used to evaluate the variability in wind conditions
that occur during an individual storm event, and the variability in storm activity
(frequency and wind conditions) that may occur during each month of the storm
season (September to May).
The storm characteristics data will also be used to construct a five-class,
storm-magnitude scale. The purpose o f developing a storm-magnitude scale is to lay
the groundwork for developing a verifiable correlation between storm wind
conditions and storm impacts. Quantifying this relationship would be of tremendous
value to both the coastal management community and the scientific community.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Lastly, the storm characteristics data will be used to evaluate the predominant
direction o f winds during storms. The purpose of this exercise is to lay the
groundwork for developing a reliable estimate of the predominant direction of
alongshore sediment transport (eastward vs westward) along the northern shores o f
barrier islands as a result of storm activity.
In addition to the historical study o f storm activity, the research design
includes a field study o f storm dynamics that will document the influence o f storm
winds on nearshore wave height, water level, and current conditions. The present
body o f literature on extratropical storm dynamics along the northern shores o f
barrier islands in the region is limited to a 14-hour study conducted along the northfacing, bayside coast o f Santa Rosa Island, Florida (Armbruster et al. 1995;
Armbruster 1997). Although Roberts et al. (1987), Armbruster et al. (1995), and
Armbruster (1997) observed and discussed a number of ways that storms influence
water levels, wave heights, and sediment transport processes along the northern coast
o f a barrier island, it is clearly evident that additional field data are needed to
quantify the effects of storms on nearshore conditions in these environments.
The critical issues that the field study of storm dynamics will focus on are the
effects o f storm winds on wave heights (for comparison of storm vs non-storm
conditions), the effects o f changing water levels on wave heights (for evaluating the
influence o f tides), and the predominant direction of alongshore and cross-shore
currents during storms (for evaluating sediment transport pathways).
Finally, the research design includes a field study of storm impacts that will
document the effects o f storms along the northern coast o f West Ship Island over an
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entire storm season. Although previous studies along the northern shores of barrier
islands o f the northern Gulf Coast documented rates o f shoreline retreat and volume
loss (Armbruster et al. 1995; Armbruster 1996; Chaney and Stone 1996), and
identified both alongshore and offshore trends in sediment transport (Armbruster et
al. 1995; Armbruster 1997), these studies were restricted to relatively short sections
o f the coast (100 m to 600 m). It is clearly evident that additional field data are
needed to evaluate the effects o f storms over greater spatial and temporal scales (i.e.
changes along the entire length of the island over an entire storm season).
The issues that this field study will focus on include the effects o f storms on
the total changes in beach width and volume for the entire northern coast o f the
island, lateral changes in beach width and volume along the coast (i.e. alongshore
and cross-shore sediment transport trends), and variations in the cross-sectional
morphology o f the beach (i.e. evolution o f the profile) over the entire storm season.
Beach profiles will be surveyed at approximately 600 m intervals along the entire
length o f the island, and at 50 m intervals along a 250 m section of the beach
adjacent to Fort Massachusetts. West Ship Island was chosen for this study because it
has a long history of erosion along its northern shore which has been documented in
a previous study (Chaney and Stone 1996). Furthermore, this site provides an
opportunity to extend the record o f monitoring at a single location which is a critical
limitation of the present body o f literature on this topic.
The greatest “potential” contribution of this research is in laying the
foundation for using storm wind data as a “proxy” measure o f a storm’s impact along
the northern coasts of barrier islands o f the northern Gulf o f Mexico. Historical storm
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wind data could be used to evaluate the variability o f storm impacts in previous
years. Storm wind data could also be used to remotely evaluate recent storm impacts
which is a difficult task because o f the logistical problems associated with
conducting field research in these remote environments. More importantly, seasonal
and annual weather predictions could be used to evaluate the potential impacts o f
forthcoming storm seasons. This information would be o f tremendous value to both
coastal managers and members o f the scientific community concerned with the
evolution of coastal environments o f the northern Gulf o f Mexico.
This dissertation research is designed to address the present needs o f this field
o f study by evaluating the ‘‘northerly” winds associated with extratropical storm
activity along the northern G ulf Coast, the effects o f those winds on nearshore wave
and current conditions along the northern coast of a barrier island, and the impacts o f
those waves and currents on the beach. The findings o f this research will contribute
toward a greater understanding o f the role of extratropical storms in the evolution of
coastal environments of the northern Gulf of Mexico, and similar mid-latitude
settings around the globe.
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CHAPTER 2
THE PHYSICAL SETTING
The field study for this research was conducted at West Ship Island,
Mississippi. The physical setting is a typical barrier-lagoon environment along the
northern Gulf of Mexico (Figure 2.1). The island is separated from the mainland by a
shallow lagoon known as Mississippi Sound. The seaward extent of the lagoon is
marked by an elongated Holocene sand platform (Ludwick 1964) that supports the
chain o f barrier islands along the Mississippi-Alabama coast (Otvos 1979). The
shores o f the mainland coast and the barrier islands are composed of medium to
coarse sands; the central region of the lagoon is covered with fine silts and clays
(Upshaw et al. 1966).
MISSISSIPPI SOUND
Mississippi Sound is approximately 20 km wide near West Ship Island. The
bed gradually slopes seaward to depths o f 8-10 m below Mean Lower Low Water
along the coast of West Ship Island. The sound is a relatively low-energy, estuarine
environment with significant wave heights averaging 30 cm (Jensen 1983). Diurnal
tides average 47 cm at the National Ocean Service tide gauge at Biloxi Bay,
Mississippi (NOAA 1990); tropic and equatorial tides average 69 cm and 10 cm,
respectively (Veal 1996). Relative sea-level rise at the Biloxi Bay tide gauge
averaged 1.5 mm y r ' over the period 1939-1983 (Penland et al. 1989).
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Figure 2.1. Location of West Ship Island and Mississippi Sound along the northern
coast of the Gulf of Mexico.
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BARRIER ISLAND FORMATION AND STRATIGRAPHY
Previous research suggests that the barrier islands along the MississippiAlabama coast were formed by upward aggradation o f submerged shoals during the
late-Holocene (Otvos 1970,1979). Otvos (1981) suggests that the primary source of
sediment to the barrier islands was the Alabama coast, and that Mobile Bay ebb-tidal
currents transported sediment from the Alabama coast seaward where westerly,
alongshore drift prevailed (Otvos 1970, 1979). Sediment trapping along a Pleistocene
ridge eventually formed Dauphin Island. This led to the development of a sand
platform along the seaward extent o f Mississippi Sound. Finally, localized shoaling
or aggradation initiated barrier island formation (Otvos 1985).
The stratigraphy o f West Ship Island was interpreted as three distinct facies
overlaying a Pleistocene clay bed (Otvos 1981). The lower facies is a 3-12 m thick
layer o f silty-muddy Holocene sea bed deposits. The intermediate facies is a 7-12 m
thick layer o f sand and mud, with mud content increasing with depth. The upper
facies is composed entirely of sand. The intermediate sand-mud platform provides a
wide, shallow shelf along the soundside of the island and a narrower, steeper shelf
along the Gulf side. Depths at the edge of the shelf drop rapidly from 1 m to 8-10 m
along the soundside and from 2 m to 5-6 m along the Gulf side (Figure 2.2).
HISTORICAL MIGRATION PATTERNS
Historical shoreline maps of West Ship Island indicate that the soundside
-i

-i

coast retreated 0.5 m yr while the Gulf coast advanced seaward 0.7 m yr over the
period 1847-1986 (McBride et al. 1995). The historical shoreline maps also indicate
that the Mississippi Sound barrier islands are migrating westward. Data for the 1847-
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Figure 2.2. Nearshore bathymetry of the Ship Island complex. (Isobaths in meters
below Mean Lower Low Water). Source: U.S. Coast and Geodetic Survey (1992).
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1986 period show the following distances o f westward migration o f the western tips:
Dauphin (7.6 km), Petit Bois (4.3 km), Horn (4.7 km), and Ship (1.3 km) (Byrnes et
-i
al. 1991). West Ship Island’s annual rate o f westward migration was 9.6 m yr .
However, the island was stable from 1966-1976, then migrated eastward at a rate of
4.7 m yr '. The termination o f westward migration was attributed to dredging o f the
navigation channel along the west tip of the island (Bymes et al. 1991). The
navigation channel was recently relocated one mile farther west; however, the
abandoned channel was not backfilled. This may have a significant impact on the
evolution o f the island.
A recent study of sediment transport along the Gulf coast of the MississippiAlabama barrier islands indicated that the predominant direction o f transport was
westward (Cipriani 1998). Sediment transport rates computed for East Ship Island
increased from 2,000 m3 yr'1 at the eastern tip to 13,000 m3 yr'1at the western tip,
and sediment transport rates for West Ship Island increased from 24,000 m3 yr'1at
the eastern tip to 37,000 m3 yr'1at the western tip (Cipriani 1998). The modern-day
(westward) sediment transport trends identified by Cipriani (1998) support the
historical (westward) migration patterns o f the barrier islands identified by Bymes et
al. (1991).
W EST SHIP ISLAND
West Ship Island was detached from East Ship Island by storm waves
accompanying Hurricane Camille in 1969 (Bymes et al. 1991; Bowden 1994).
Presently, the island is 5.2 km long and 0.6 km wide. The soundside coast has a
relatively narrow beach (5-10 m) with foredunes of 2-3 m above the high tide line
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along most of the island. Ancient marsh deposits exposed along the lower foreshore
are a common site. The beach along the eastern end has completely eroded and
become impassable, even at low tide, with in situ tree roots exposed along a 400 m
section o f the coast
The beach along the Gulf coast side o f West Ship Island is composed of three
different environments that decrease in width from west to east. The western section
has a wide, sandy beach (50 m) with foredunes o f 3-4 m above the high tide line. The
central section is a transitional zone with lower foredunes and a narrower beach (1020 m). The eastern section has the narrowest beach (5-10 m) and practically no
foredunes. The eastern tip o f the island is a low-lying, recurved spit that extends into
Camille Cut. Large sections of the spit are frequently overwashed by storm waves.
The western tip of the island is also frequently overwashed by storm waves.
Boone (1973) and Otvos (1982) determined that the beaches were composed
o f well-sorted, quartz sands. Median grain sizes o f upper foreshore beach sands were
found to range from 0.26-0.33 mm along the G ulf coast and 0.33-0.56 mm along the
soundside coast (Otvos 1982). The difference in grain size was attributed to the
difference in wave energy in the Gulf and in Mississippi Sound (Otvos 1982). Along
the Gulf coast, finer grain sizes were attributed to a constant supply o f finer
sediments from alongshore and offshore sources, and the ability o f higher waves to
transport coarser grains alongshore. Along the soundside coast, coarser grain sizes
were attributed to lower wave heights that were unable to transport larger grains
alongshore, or to transport finer grains to the beach from offshore (Otvos 1982).
Cipriani (1998) recently found that mean grain sizes of mid-tide beach sands along
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the Gulf coast ranged from 1.650-2.079 phi (0.24-0.34 mm) and were very-well
sorted (sorting values ranged from 0.26 to 0.32). These results support the earlier
findings o f Boone (1973) and Otvos (1982).
As noted earlier, West Ship Island was chosen for this study because it is one
o f the more prominent sites o f soundside erosion in the region. Fort Massachusetts, a
historic national monument, was constructed on the island in the 1860s
approximately 100 m from the soundside coast (USACE 1864). By the 1920s,
erosion threatened the fort's structural integrity (Henry 1977a). Local citizens
constructed a make-shift breakwater to protect the fort, but this effort had little
impact (Figure 2.3). West Ship Island came under the protection o f the National Park
Service (NPS) when the Gulf Islands National Seashore was established in 1971. The
beach adjacent to Fort Massachusetts was nourished in 1974 to protect the structure.
However, several beach nourishment projects have been conducted over the years to
replace lost fill material (Table 2.1; Figure 2.4 and 2.5).

Table 2.1. Volume o f material placed along the beach adjacent to Fort Massachusetts
during each nourishment project conducted along the northern coast of West Ship
Island (Hopkins 1996).

Year
1974
1980
1984
1991
1996

Volume
(yds3)
500,000
100,000
210,000
58,000
50,000

Volume
(m3)
382.300
76,460
160,566
44,346
38,230
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Figure 2.3. Aerial photo (facing southwest) showing the extent of shoreline erosion at
Fort Massachusetts in 1967. Note the make-shift breakwater constructed by local
citizens and the standing water at the base of the fort. (Gulf Islands National
Seashore Historical Archives).
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Figure 2.4. Aerial photo (facing east) showing the beach nourishment site adjacent to
Fort Massachusetts in 1985. Note the position of the pre-nourishment (1974)
shoreline (see Figure 2.3). Photo taken by W.T. Triplett.
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Figure 2.5. Aerial photo (facing east) showing the beach nourishment site adjacent
Fort Massachusetts in February, 1997. Note die condition o f the beach since
nourishment was conducted in May, 1996. Photo taken by G.W. Stone.
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In April, 1989, the National Park Service began a beach monitoring program
along a 600 m section o f the soundside coast adjacent to Fort Massachusetts. Along
the western (200 m) section of the nourishment site, which is directly adjacent to the
-I

3

-i

-i

fort, shoreline retreat and beach erosion averaged 5.9 m yr and 11.4 m m yr

between April, 1989, and July, 1991. In September, 1991, additional nourishment
was placed along the western section o f the beach. During the post-nourishment
period (October, 1991, to July, 1993), shoreline retreat and beach erosion along the
-I

3

-I

-I

western section averaged 24.7 m yr and 29.1 m m yr . In May, 1996, the western
section of the beach was nourished again. Along the eastern (400 m) section of the
monitoring area, shoreline retreat and beach erosion remained relatively consistent at
3.8 m yr 1and 4.0 m m yr over the duration o f the monitoring period (April, 1989,
to July, 1993) (Chaney and Stone 1996). It is important to note that nourished
beaches are expected to lose significant quantities o f sediment immediately after the
nourishment is conducted. This response occurs as the profile re-equilibrates (Dean
and Yoo 1993). The eroded sediment is generally deposited along the lower
foreshore or on nearshore bars (Houston 1991).
The NPS beach profile surveys were conducted at 2 to 5 month intervals that
corresponded favorably with winter seasons prior to the 1991 nourishment. These
data show that the highest rates of shoreline retreat and beach erosion occurred along
-I

3

-I

-1

-I

3

both eastern (6.5 m yr and 5.0 m m yr ) and western (9.6 m yr and 14.7 m m

-1

yr ) sections o f the monitoring area over winter periods. These results suggest that
winter cold front activity was responsible for the greatest amount of erosion observed
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at the nourishment site. Unfortunately, the timing o f the beach surveys conducted
after the 1991 nourishment do not correspond favorably with the seasons o f the year,
so data for that period cannot be used to evaluate seasonal trends (Chaney and Stone
1996).
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CH A PTER 3
EXTRATROPICAL STORM S O F THE GULF OF M EXICO:
TYPE, FREQUENCY, AND MAGNITUDE
The term “extratropical storm” used in this chapter refers to all coastal
storms associated with either mid-latitude “cyclone” or “anticyclone” activity along
the northern Gulf Coast. As noted earlier, this term is well established in the
literature on coastal storms along the U.S. Atlantic Coast. The objective o f this
study is to address the present limitations o f the scientific literature on extratropical
storms o f the northern Gulf of Mexico as they pertain to the erosion problem
observed along the northern shores o f barrier islands (as discussed in Chapter 1).
The following paragraph provides a brief review o f the existing storm literature.
Roberts et al. (1987) identified two distinct types of cold fronts that
produced storms along the northern G ulf Coast; however, these two were identified
as the end members of a “spectrum o f cold front types.” The “spectrum o f cold
front types” identified by Roberts et al. (1987) has not yet been investigated.
Roberts et al. (1987) also proposed a conceptual model of storm dynamics for cold
front passages that included two distinctly different phases: a pre-frontal phase that
produced southerly winds along the coast, and a post-frontal phase that produced
northerly winds along the coast. At present, the existing data on wind conditions
during cold front passages along the northern Gulf Coast were collected during two
30-day field studies at Mustang Island, Texas (Fox and Davis 1976), an 8-day field
study at Trinity Island, Louisiana (Dingier et al. 1992), and a 14-hour study at Santa
Rosa Island, Florida (Armbruster et al. 1995). The frill range o f storm wind
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conditions (wind speed, direction, and duration) associated with the two storm
types identified by Roberts et al. (1987) has not yet been quantified. Hsu (1993)
developed a storm-magnitude scale for Gulf cyclones; however, Gulf cyclones were
not identified as a major storm type by Roberts et al. (1987), and wind direction and
storm duration for Gulf cyclones has not been evaluated.
The objective o f this study was to address these limitations as they relate to
the northerly winds produced by extratropical storms. The study was based on a
review of daily weather maps published by the National Oceanic and Atmospheric
Administration (NOAA), and atmospheric data collected by a NOAA weather buoy
located near West Ship Island, Mississippi. The daily weather maps were used to
identify weather patterns associated with extratropical storms and to track their
migration along the Gulf Coast. The atmospheric data were used to evaluate the
basic characteristics o f northerly winds (wind speed, direction, and duration)
produced by the storms. The study period extended from January, 1981 (the month
the weather buoy was deployed) through May, 1997 (the end of the 1996-1997
storm season). The study was restricted to active storm season months from
September to May.
The buoy was maintained by a branch o f NOAA known as the National
Data Buoy Center (NDBC). The buoy was identified as NDBC Station 42007 and
was located approximately 13 km southeast o f West Ship Island (Figure 3.1). The
buoy recorded air temperature, barometric pressure, wind speed, and wind direction
data at 1 hour intervals. At the beginning of each hour, the buoy sampled wind
conditions for 8 minutes and then recorded the average wind speed and direction.
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Figure 3.1. Location o f NDBC Station 42007 in the northern Gulf of Mexico. The
buoy was located at 30.1° N Latitude and 88.8° W Longitude.

The anemometer on the buoy was mounted 10 m above sea level. The buoy
was deployed in January, 1981, and the data collected since that time were archived
as "‘Standard Meteorological Data” at the NDBC Internet site where they were
made available to the public (NDBC 1981-1997).
Since NDBC Station 42007 is located farther offshore than West Ship
Island, there are several potential problems that should be recognized in using the
buoy data to evaluate storm conditions at the island. Northerly winds travel over a
greater distance of open sea (longer fetch / reduced friction) before reaching the
buoy, so northerly wind speeds at the buoy may be higher than northerly wind
speeds at the island. Wind directions and the timing of wind shifts may also vary at
the two locations. Furthermore, cold fronts may stall after passing over West Ship
Island, but before passing over the buoy.
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Wind speed and direction data were collected along the northern coast of
West Ship Island during an 18-day field study to evaluate the difference in wind
conditions at the two sites. The wind data were collected at an elevation of
approximately 7.5 m above mean sea level which was approximately 2.5 m lower
than the anemometer on the buoy. Plots o f the data are shown in Chapter 4. The
average speed o f northerly winds recorded at NDBC Station 42007 (8.65 m sec'1)
was approximately 1 m sec'1higher than the average speed o f northerly winds
recorded at West Ship Island (7.68 m sec*1). However, the maximum northerly
wind speed recorded at NDBC Station 42007 (13.8 m sec'1) was approximately 1.4
m sec'1 lower than the maximum northerly wind speed recorded at West Ship Island
(15.2 m sec'1). Higher average wind speeds were expected at NDBC Station 42007
because of the differences in fetch and elevation. It should be noted that differences
in instrument calibration may have increased or decreased the discrepancy in
recorded wind speeds.
Wind directions recorded at West Ship Island were consistently shifted
approximately 30 degrees westward of wind directions recorded at NDBC Station
42007. The wind vane deployed at West Ship Island was calibrated with a hand
held compass which could easily account for the discrepancy in wind directions.
Although the actual wind speed and direction values differed, identical changes in
both wind speed and wind direction were recorded at approximately the same time
at each site. These findings suggest that the wind data recorded at NDBC Station
42007 represent a reasonable sample of wind conditions at West Ship Island.
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Roberts et al. (1987) observation on “the spectrum o f cold front types” that
occurred along the northern G ulf Coast was considered when reviewing the daily
weather maps (NOAA 1981-1997). A wide variety o f synoptic weather patterns
were in fact observed to produce extratropical storm events along the G ulf Coast.
These weather patterns were sorted into seven distinct classes identified in this
study as “extratropical storm types.” The seven storm types include: 1) Primary
Front, 2) Secondary Front, 3) Secondary Gulf Front, 4) Secondary Gulf Low, 5)
Gulf Front, 6) Gulf Low, and 7) Primary Low. Detailed illustrations o f the synoptic
weather patterns associated with the seven storm types are shown in Figures 3.2 3.5. The following paragraphs describe the weather patterns associated with each
storm type and relate them to storm types identified in earlier studies.
The cold front associated with a typical mid-latitude cyclone (Figure 1.4)
was identified in this study as the “primary front,” and the storm event that occurred
when the front crossed the coast was identified as the Primary Front storm type. On
occasions when the primary front stalled over the southeastern U.S., without
actually crossing the coast, a “secondary” low-pressure center often developed
along the front over the south-central U.S. When the secondary low-pressure center
developed into a full-scale cyclone, with a fully-developed cold front, it migrated
northeastward and the “secondary” cold front passed along the coast. The storm
system associated with this weather pattern was identified as a Secondary Front.
On occasions when the primary front stalled over the Gulf o f Mexico, after
it crossed the coast, a secondary low-pressure center (Gulf cyclone) often developed
along the front over the eastern Texas / western Gulf o f Mexico region. If the
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Figure 3.2 Synoptic weather patterns associated with a Primary Front (PF). The
upper plot (A) shows the cyclonic (counter-clockwise) rotation pattern o f winds
around the low-pressure system, and the position o f the fronts that represent the
leading edges of the high-pressure, cold air mass (cP, cA, or mP) migrating
southward and the warm air mass (mT) migrating northward. The center plot (B)
shows the cold front passing along the G ulf coast. The lower plot (C) shows the
anticyclonic (clockwise) rotation pattern o f winds around the high-pressure system
that dominates the Gulf coast until a subsequent frontal system moves into the
region.
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Figure 3.3. Synoptic weather patterns associated with a Secondary Front (SF). The
upper plot (A) shows a primary front stalled over land north o f the Gulf coast. The
center plot (B) shows a secondary low-pressure center develop along the front over
the south-central U.S. The lower plot (C) shows the secondary low migrating
northeastward and the accompanying cold front passing along the Gulf Coast. The
map symbols are identified on the legend in Figure 3.2.
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Figure 3.4. Synoptic weather patterns associated with a Secondary Gulf Front
(SGF) and a Secondary Gulf Low (SGL). The upper plot (A) shows a primary front
stalled over the Gulf of Mexico. The second plot (B) shows a secondary lowpressure center develop along the front over the eastern Texas / western Gulf of
Mexico region. The third plot (C) shows the secondary low migrating
northeastward and the accompanying cold front passing along the Gulf coast. The
fourth plot (D) shows an alternative storm track where the secondary low migrates
eastward across the Gulf o f Mexico and produces northerly winds along the G ulf
coast. The map symbols are identified on the legend in Figure 3.2.
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Figure 3.5. Synoptic weather patterns associated with a Gulf Front (GF), a Gulf
Low (GL), and a Primary Low (PL). The upper plot (A) shows a low-pressure
center develop over the eastern Texas / western G ulf of Mexico region, then shows
the low-pressure center migrating northeastward and the accompanying cold front
passing along the Gulf coast. The center plot (B) shows an alternative storm track
where the low-pressure center migrates eastward across the Gulf o f Mexico and
produces northerly winds along the Gulf coast. The lower plot (C) shows a lowpressure center associated with a primary front following a southerly storm track
across the Gulf o f Mexico that produces northerly winds along the Gulf coast. The
map symbols are identified on the legend in Figure 3.2.
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secondary low-pressure center migrated northeastward, then the secondary cold
front passed along the coast and produced a second storm at West Ship Island. This
type o f storm system was identified as a Secondary Gulf Front. If the secondary
low-pressure center migrated eastward across the Gulf of Mexico, then the cold
front passed south o f the study site. However, the low-pressure center setup a
pressure gradient in the region that still produced northerly winds along the
northern Gulf Coast. This type of storm system was identified as a Secondary Gulf
Low.
A low-pressure center (Gulf cyclone) occasionally developed along the
eastern Texas / western Gulf of Mexico region without a pre-existing front in the
region. If the low-pressure center migrated northeastward, then the front passed
along the coast and the storm system was identified as a Gulf Front. If the lowpressure center migrated eastward across the Gulf of Mexico, then the storm system
was identified as a G ulf Low. Lastly, a low-pressure center associated with a
primary front occasionally followed a southerly storm track that passed over the
southwestern U.S. and the central Gulf of Mexico. This type of storm system was
identified as a Primary Low.
The Primary Front storm type identified in this study most closely
corresponds to the eastward migrating cyclone identified by Roberts et al. (1987).
In reviewing the daily weather maps, however, it was noted that these storm
systems appear to be composed o f two “linked” pressure systems in that the lowpressure system (cyclone) and the high-pressure, cold air mass (anticyclone) appear
to migrate together as a single weather system. Since the counter-clockwise wind
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rotation patterns o f mid-latitude cyclones promote the southward migration o f cold
air masses (high-pressure, anticyclones), it seems natural that these two pressure
systems would appear to migrate as a single “linked” weather system.
If the low-pressure center of a mid-latitude cyclone followed a southerly
storm track and passed near the Gulf Coast, then the low-pressure center would
dominate the region and produce strong “southerly, pre-frontal” winds along the
coast. This storm system would consequently be classified as an eastward migrating
cyclone by Roberts et al. (1987) description. If the low-pressure center o f a mid
latitude cyclone followed a northerly storm track, then the trailing anticyclone
would dominate the region when it passed along the G ulf Coast. This scenario
would produce strong “northerly, post-frontal” winds along the coast and
consequently be classified as an arctic surge by Roberts et al. (1987) description.
Since the latitudinal position o f the low-pressure system appears to have the
greatest influence on “pre- and post-frontal” wind conditions associated with
eastward migrating cyclones and arctic surges, no attempt was made to distinguish
between these two “cold front types” for the purposes o f this study.
The intermediate classes of the “spectrum of cold front types” identified
Roberts et al. (1987) would most likely include the Secondary Front, the Secondary
Gulf Front, and the Gulf Front storm types identified in this study. The Gulf Low,
Secondary Gulf Low and the Gulf Front storm types identified in this study
correspond to the storm systems that Hsu (1993) evaluated in developing the storm
intensity scale for Gulf cyclones. If one of these storms were to migrate eastward
across Florida and impact the Atlantic Coast, it would correspond to the Gulf Low
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storm type identified by Davis et al. (1993) and Davis and Dolan (1993). According
to the descriptions o f storm types identified by Davis et al. (1993) and Davis and
Dolan (1993), Primary Fronts would be classified as Continental Lows or
Anticyclones when they impact the Atlantic Coast (based on the latitudinal position
o f the low-pressure system), and Secondary Fronts would be classified as Coastal
Plain Cyclogenesis storms when they impact the Atlantic Coast. There does not
appear to be any previous acknowledgment o f the Primary Low storm type
identified in this study and, as the following analysis will indicate, it was not found
to be a significant storm type for the G ulf Coast in this study either.
After an extratropical storm event was identified on the daily weather maps,
the wind data collected by NDBC Station 42007 were used to determine the
duration of the storm. In reviewing the buoy data, it was noted that northerly wind
speeds often increased significantly before a cold front passed along the coast.
These northerly winds were associated with the squall line that often precedes the
front. These conditions normally lasted for only a brief period. However, they
occasionally persisted for an extended period, and on many occasions the front
retreated northward without crossing the coast. Therefore, the temperature and
pressure data collected by the buoy were used, in conjunction with the daily
weather maps, to determine the time that a cold front passed over the study site.
The daily weather maps were also used, in conjunction with the buoy data,
to determine when the high-pressure air mass (anticyclone) behind the cold front
ceased to influence wind conditions along the coast. The duration o f a storm event
was therefore defined as the period from the time the front passed until the high-
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pressure air mass moved out of the region. For the Gulf Low, Secondary Gulf Low,
and Primary Low storm types, the duration o f a storm event was defined as the time
period that the low-pressure center passing eastward across the Gulf produced
northerly winds at the study site.
The analysis o f wind conditions during a storm was restricted to northerly
winds only. In compiling the data, it was noted that there were two distinct stages of
a storm event when wind speeds often decreased significantly for a brief period.
The first stage was immediately after the front passed overhead. The second stage
was during the middle of a storm event when the center o f the high-pressure system
passed overhead. In order to present a reasonable estimate of the duration o f a storm
event, only wind speeds equal to, or greater than, 5.5 m sec'1were included in the
analysis. This value was used as the minimum limit for evaluating a storm because
the summary statistics posted on the NDBC Internet site indicated that the average
annual wind speed at NDBC Station 42007 over the period 1981-1993 was 10.75
knots (5.5 m s e c 1). The duration o f a storm was therefore defined as the number of
hours that a storm produced northerly winds equal to, or greater than, 5.5 m sec'1.
The mean and maximum wind speed were determined from the data that met these
requirements. The statistics computed for all northerly winds were also computed
for northwesterly and northeasterly winds for the purpose of evaluating alongshore
sediment transport trends as discussed in Chapter 1.
A simple measure of storm magnitude which considered variability in both
wind speed and storm duration was also computed for each storm event. The storm
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magnitude value was based on the standard formula for kinetic energy shown in
Equation 1:
ke =

l/ 2

pv2

(Equation 1)

where k« = kinetic energy, p = density, and v = velocity (Huschke 1959).
Since the density of dry air at 1000 mb (approx. sea level pressure) varies only
slightly between 0° C (1.28 kg/m3) and 30° C (1.15 kg/m3) (Hsu 1988), density was
considered constant for this application. Therefore, the kinetic energy o f a storm
over the duration of the event was considered to be equal to one-half the sum of the
squares of the wind velocities as shown in Equation 2:
Vz [ Z (v2) ]

(Equation 2)

where v = all northerly winds equal to, or greater than, 5.5 m sec'1. However, only
the sum of the squares of the wind velocities [ Z (v2) ] was computed for each storm
because no further application o f this value was intended. The product of this
calculation was identified as the V square value.
The atmospheric data collected by the buoy were evaluated on a monthly
basis. Months in which the buoy was either non-operational or temporarily out-ofservice were excluded from the study. Exceptions, however, were made for months
in which the gap in data did not coincide with a storm period identified on the daily
weather maps. The study period, as defined earlier, included 149 months. However,
only 98 months of data were determined to be acceptable for analysis (Table 3.1).
After the analysis o f each storm identified in the study was completed, the data
were used to evaluate the following aspects o f storm activity: 1) variability in
northerly winds of all storms, 2) variability in northerly winds o f each storm type,
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3) variability in northerly winds of each storm-magnitude class, 4) variability in
northwesterly and northeasterly winds of all storms, 5) seasonal variability in
northwesterly and northeasterly winds o f all storms, and 6) variability in storm
activity during the 1996-1997 storm season (for evaluating the significance o f the
results o f the storm impact study presented in Chapter 5).

Table 3.1. Months of the study period (1981-1997) included in the storm analysis.
The buoy was deployed in January, 1981. The months included in the study are
identified by an *ix”. (Total number o f months in study = 98).
YEAR SEP OCT NOV DEC JAN FEB MAR APR MAY
X
80-81
X
X
X
X
81-82
X
X
X
X
X
X
82-83
83-84
X
X
X
X
X
84-85
X
X
X
X
X
X
X
85-86
X
86-87
X
X
X
X
87-88
X
X
X
X
X
X
X
X
88-89
X
X
X
X
X
X
X
X
X
X
X
X
89-90
90-91
X
X
X
X
X
X
X
91-92
X
X
X
X
X
X
X
X
X
92-93
93-94
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
94-95
X
X
95-96
X
X
X
X
X
X
X
96-97
X
X
X
X
X
X
X
X
X
11
12
9
10
8
11
# Months 13
12
12

As noted earlier, the analyses were restricted to a monthly basis, rather than
an annual basis, because o f the gaps in the data recorded at NDBC Station 42007
(Table 3.1). The annual frequency and storm characteristic data presented in the
following sections are therefore based on composites o f the mean values
determined for each month o f the storm season (September to May).

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ALL STORMS
A total o f 506 extratropical storm events were identified in the 98 months
included in the study (Table 3.2). These data were used to determine the average
frequency and standard deviation in storms for each month o f the storm season. The
northerly wind data for each storm event were used to determine the average
characteristics o f a storm event for the entire study period, and for each month of
the storm season (September to May).
The results o f the analyses indicate that the average annual frequency of
storms at the study site was approximately 47.5. The average distribution o f storms
during the season resembled a bell curve with the highest frequency in January.
(Table 3.3, Figure 3.6). These results compare favorably with the findings o f
previous studies which indicated that the average annual frequency o f cold fronts
along the Gulf coast was approximately 45 (DiMego et a l . 1976; Henry 1977b),
and the highest average frequency was in December (6.6) (Henry 1977b) (Figure
1.4).
Based on the definition o f a storm event used in this study, the average
duration of a storm was determined to be 37.8 hours (std. dev. = 27.7 hours). The
average mean wind speed was 8.3 m sec"1(std. dev. = 1.8 m sec'1), and the average
maximum wind speed was 11.6 m sec"1(std. dev. = 2.9 m sec'1) (Figures 3.7-3.9).
These results compare favorably with the findings o f Fox and Davis (1976) at
Mustang Island, Texas. Their research indicated that mean wind speed varied from
8-10 m sec"1, and maximum wind speed peaked at approximately 15 m sec"1. Their
conclusions, however, were based on the results of two 30-day field studies. The
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duration o f storms was not reported by Fox and Davis (1976), so this research
appears to be the first evaluation o f storm duration along the Gulf Coast. It should
be noted that 10 storm events identified in this dissertation research did not produce
“northerly” winds of 5.5 m sec'1 or greater. Several of these events produced
extremely low wind speeds (weak frontal passages); the remainder o f these events
produced strong southerly winds, but no northerly winds.

Table 3.2. Total number o f extratropical storm events observed at NDBC Station
42007 during each month included in the study. (Total number of storms = 506;
total number o f months =* 98).
YEAR
80-81
81-82
82-83
83-84
84-85
85-86
86-87
87-88
88-89
89-90
90-91
91-92
92-93
93-94
94-95
95-96
96-97
Total

SEP
4
4
4
2
2
2
4
2
j
6
4
5
4
46

OCT NOV DEC JAN
7
6
8
3
5
7
5
0
6
4
4
7
9
7
7
7
6
8
6
5
9
7
6
6
9
10
6
6
4
6
7
5
6
5
7
7
5
5
7
5
6
3
77
56
68
53

FEB MAR APR MAY
6
1
3
6
7
4
4
7
2
2
3
5
5
6
4
5
6
6
5
6
5
2
3
7
4
6
6
4
5
7
5
2
8
3
3
2
5
4
6
4
8
8
6
47
41
57
61
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Table 3.3. Frequency statistics for extratropical storms at NDBC Station 42007.
STATS
Min
Max

SEP
2
6

Mean
Std Dev

3.5
13

OCT NOV DEC JAN
4
0
5
6
7
7
9
10
4.8
2.1

5.7
1.0

62
12

7.7
13

FEB MAR APR MAY
2
4
1
3
6
8
8
8
5.9
13

5.5
1.6

4.8
1.7

3.4
1.5

10
9
8
co
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Figure 3.6. Average frequency o f extratropical storms at NDBC Station 42007. The
plot shows the mean and (+/-) one standard deviation error bars for each month.
The average annual frequency was 47.5.
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Figure 3.7. Histogram of storm duration data. Values along the X-axis represent the
upper limit o f the class. Ten events did not produce Northerly” winds equal to the
minimum limit of 5.5 m sec'1.
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Figure 3.8. Histogram o f mean wind speed data. Values along the X-axis represent
the lower limit of the class. Ten events did not produce “northerly” winds equal to
the minimum limit of 5.5 m sec'1.
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Figure 3.9. Histogram of maximum wind speed data. Values along the X-axis
represent the lower limit of the class. Ten events did not produce “northerly” winds
equal to the minimum limit of 5.5 m sec'1.
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Storm duration varied considerably at the study site whereas mean and
maximum wind speeds were relatively consistent (Figure 3.10). These results may
have been influenced by the location o f the study site relative to the storm tracks o f
cyclones migrating along the Gulf Coast. Higher winds speeds, and greater
variability in winds speeds, may occur at locations closer to the storm track of
cyclones migrating across the central U.S., or at locations closer to the Texas coast
where Gulf cyclones originate. Hsu’s (1993) storm intensity scale clearly indicates
that higher mean wind speeds, and greater variability in mean wind speeds, occur at
the low-pressure center of Gulf cyclones. The observation made here is that low
variability in wind speeds recorded at the study site may be a function o f relative
location (i.e. distance from storm tracks), rather than storm intensity. These
findings suggest that the spatial variability in wind speeds should be evaluated in
future research.
Storm duration was consistently higher during the autumn months and
decreased considerably by the end o f the storm season in spring (Table 3.4, Figure
3.11). The month with the highest average storm duration was November (46.0
hours), and the month with the lowest average storm duration was May (24.7
hours). Mean and maximum wind speeds were relatively consistent over the storm
season with slightly higher wind speeds occurring in late-winter. February had the
highest average mean wind speed (8.8 m sec'1), and the highest average maximum
wind speed (12.3 m sec'1). However, wind speeds decreased considerably at the end
o f the storm season with May having the lowest average mean (7.4 m sec'1) and
maximum (9.8 m sec'1) wind speeds.
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Figure 3.10. Distribution o f all storms by storm duration and wind speed at NDBC
Station 42007. The upper plot (A) shows the distribution by mean wind speed and
the lower plot (B) shows the distribution by maximum wind speed. The 10 storm
events that did not produce “northerly” winds equal to the minimum limit o f 5.5 m
sec'1are not shown.
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Table 3.4. Northerly wind statistics for storm events at NDBC Station 42007. The
categories are storm duration (T), mean wind speed (Vavg), and maximum wind
speed (Vmax).

Mean
Std Dev

T
hours
44.4
35.6

Vavg
m/s
7.9
13

Vmax
m/s
10.5
2.1

53

Mean
Std Dev

45.5
34.9

83
1.8

113
2.8

NOV

68

Mean
Std Dev

46.0
32.5

8.5
1.5

12.0
2.3

DEC

56

Mean
Std Dev

39.3
253

8.4
1.7

11.6
2.7

JAN

77

Mean
Std Dev

36.7
23.4

8.4
1.9

11.8
2.9

FEB

47

Mean
Std Dev

41.8
21.9

8.8
1.8

123
2.6

MAR

61

Mean
Std Dev

33.3
26.5

8.6
2.1

12.1
3.6

APR

57

Mean
Std Dev

26.8
15.2

8.4
2.0

11.8
3.3

MAY

41

Mean
Std Dev

24.7
15.7

7.4
1.7

9.8
2.8

MONTH

# obs

STATS

SEP

46

OCT
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Figure 3.11. Northerly wind statistics for storm events at NDBC Station 42007. The
plots show the mean and (+/-) one standard deviation error bars for storm duration
(A), mean wind speed (B), and maximum wind speed (C).
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STORM TYPES
The Primary Front storm type proved to be the most common o f the seven
storm types identified in this study (Figures 3.2-3.5). The average frequency o f
Primary Fronts was 35.9 storms per year which accounted for approximately 75%
o f all storm activity (Table 3.5). The Secondary Front was the next most common
storm type. These storms had an average frequency o f 6.9 storms per year which
accounted for an additional 15% o f storm activity. These two storm types accounted
for approximately 90% o f all extratropical storm activity in the region.

Table 3.5. Average monthly and annual frequency o f storm types at NDBC Station
42007.
TYPE SEP OCT NOV DEC JAN FEB MAR APR MAY TOTAL
PF
3.1
4.0
5.4 4.3
4 2
3.1
22
4.3
52
35.9
0.4
SF
0.3
1.3
0 .8
1.3
0 .9
6.9
0.7 0.7 0.5
SGF
0.1
0.4 0.5
0.2
0.1
1.3
0.4
0.3
0.1
SGL 0.1
0.2
1.1 0.1
2.3
GF
0.1
0.1
0.1
0.1
GL
0.1
0.1 0 2
0.6
0.1
PL
0.3
0.4
5.7
5.5
4.8
4.8
3.4
47.5
Total 3.5
6.2 7.7 5.9
-

-

-

-

-

-

-

-

-

-

-

-

-

-

Primary Fronts had higher average storm values than Secondary Fronts in
each of the following categories: storm duration (40.3 hours vs 32.0 hours), mean
wind speed (8.3 m sec'1 vs 7.8 m sec'1), and maximum wind speed (11.5 m sec'1vs
11.0 m sec'1) (Table 3.6, Figure 3.12). Both storm types showed greater variability
in storm duration than in mean or maximum wind speed (Figures 3.13 and 3.14).
An explanation for this pattern was discussed in the previous section.
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Table 3.6. Northerly wind statistics for storm types at NDBC Station 42007. The
categories include storm duration (T), mean wind speed (Vavg), and maximum
wind speed (Vmax).
TYPE

# obs

STATS
Mean
Std Dev

T
hours
40.3
28.8

Vavg
m/s
8.3
1.6

Vmax
m/s
11.5
2.6

PF

382

SF

77

Mean
Std Dev

32.0
25.9

7.8
2.3

11.0
3.7

SGF

13

Mean
Std Dev

23.0
13.8

7.9
2.6

112
2.8

SGL

24

Mean
Std Dev

29.8
14.0

9.9
2.0

13.9
3.5

GF

1

Mean
Std Dev

1.0
-

5.7
-

5.7
-

GL

6

Mean
Std Dev

28.2
10.2

9.1
1.0

12.5
2.1

PL

3

Mean
Std Dev

37.0
9.1

9.8
2.3

14.4
4.4
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Storm Duration

Maximum Wind Speed

Figure 3.12. Northerly wind statistics for storm types at NDBC Station 42007. The
plots show the mean values for storm duration (A), mean wind speed (B), and
maximum wind speed (C).
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Figure 3.13. Distribution o f Primary Fronts by storm duration and wind speed at
NDBC Station 42007. The upper plot (A) shows the distribution by mean wind
speed and the lower plot (B) shows the distribution by maximum wind speed.
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Figure 3.14. Distribution o f Secondary Fronts by storm duration and wind speed at
NDBC Station 42007. The upper plot (A) shows the distribution by mean wind
speed and the lower plot (B) shows the distribution by maximum wind speed.
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The number o f observations (n) for each of the remaining five storm types
was below the generally accepted quantity for a representative sample (i.e., n = 30),
so additional data should be evaluated before drawing conclusions. Nevertheless,
three o f these storm types produced the highest average mean and maximum wind
speeds in the study. These were the Secondary Gulf Low, the G ulf Low, and the
Primary Low (Table 3.6). The intensity o f the wind speeds for these storm types
was related to the fact that they had low-pressure centers that passed near NDBC
Station 42007. Although these storms only accounted for 7% o f storm activity at
the study site, the high wind speeds suggest that these storm types would have the
greatest impact on the coast. An increase in the frequency o f these three storm types
would evidently increase the variability in mean and maximum wind speeds
observed at the study site (Figure 3.10).
Since the Primary Front proved to be the most common storm type, the
average characteristics o f Primary Fronts were computed for each month of the
storm season (Table 3.7). The highest average duration of Primary Front storm
events occurred in November (50.7 hours). The highest average mean wind speeds
occurred in February (8.8 m sec'1) and November (8.7 m sec'1), and the highest
average maximum wind speeds occurred in February (12.3 m sec*1) and November
(12.3 m sec'1). Storm duration varied greatly in autumn and then declined
throughout the storm season. Mean and maximum wind speeds remained relativly
consistent throughout the storm season. These data (Figure 3.15) were extremely
similar to those presented for all storm events (Figure 3.11), and clearly indicate
that Primary Fronts had a significant influence on the results o f that study.
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Table 3.7. Northerly wind statistics for Primary Fronts at NDBC Station 42007. The
categories are storm duration (T), mean wind speed (Vavg), and maximum wind
speed (Vmax).

Mean
Std Dev

T
hours
48.7
36.0

Vavg
m/s
7.9

Mean
Std Dev

45.9
32.9

8.4
1.3

11.5

Mean
Std Dev

50.7
35.0

8.7
12

123
2.3

MONTH

#obs

STATS

SEP

40

OCT

NOV

45

51

12.

Vmax
m/s
10.7
1.9

2 2

DEC

47

Mean
Std Dev

39.1
25.6

8.4
1.7

11.7
2.7

JAN

54

Mean
Std Dev

36.7
23.7

8.2
2.0

11.6
2.9

FEB

34

Mean
Std Dev

47.0
20.3

8.8
1.1

12.3
2.0

MAR

46

Mean
Std Dev

34.4
28.2

8.2
1.8

11.5
3.0

APR

37

Mean
Std Dev

30.0
16.1

8.6
1.8

11.8
2.9

MAY

28

Mean
Std Dev

24.4
16.0

7.6

9.7
2.2

12
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Figure 3.15. Northerly wind statistics for Primary Fronts at NDBC Station 42007.
The plots show the mean and (+/-) one standard deviation error bars for storm
duration (A), mean wind speed (B), and maximum wind speed (C).
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STORM MAGNITUDE
The storm-magnitude data (V square values) were used to construct a 5
class storm-magnitude scale. The 10 storm events that did not produce northerly
winds of 5.5 m sec'1 or greater were excluded from the analysis. The class
boundaries were determined with an analysis of variance test known as the “Jenks”
or “optimization” method (Jenks and Caspall 1971, Smith 1986, Moore et a l .
1990). The Goodness o f Variance Fit (GVF) value for the 5 class scale constructed
by the Jenks method was 93.9. The class limits produced by this method were
slightly adjusted for practical use. The GVF value for the “adjusted” classification
was 93.8 (Table 3.8).
The storms with the highest V square values were grouped into Class 5, and
the storms with the lowest V square values were grouped into Class 1. The Class 5
storms had the highest average values in each of the basic storm characteristic
categories: storm duration (105.4 hours), mean wind speed (9.7 m sec'1), and
maximum wind speed (14.6 m sec'1) (Table 3.9). The curve o f the mean storm
duration values and mean V square values for the 5 classes were extremely similar
(Figure 3.16), so a regression analysis was used to evaluate the relationship between
the V square data and the storm data. The regression analysis o f the storm data (x)
and the V square data (y) produced the following R square values: storm duration
(0.84), mean wind speed (0.31) and maximum wind speed (0.41) (Figure 3.17). An
enlarged version o f the plot o f the storm duration data and the V square data
showing the class boundaries is provided in Figure 3.18.
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Table 3.8. Storm-magnitude scale for extratropical storms. The scale was based on
the V square values o f the 496 storms that produced “northerly” winds o f 5.5 m sec*
1or greater at NDBC Station 42007.
STORM CLASS
0
1
2
j
4
5

CLASS LIMITS
S fv 2)
0
1 - 1499
1500 - 2999
3000 - 4999
5000 - 7999
8000+

# STORMS
10
137
145
124
62
28

Table 3.9. Northerly wind statistics for storms in each class at NDBC Station
42007. The categories are storm duration (T), mean wind speed (Vavg), maximum
wind speed (Vmax), and V square value (Vsq).
Vavg
m/s

Mean
Std Dev

T
hours
12.6
7.4

CLASS

#obs

STATS

1

137

l.l

Vmax
m/s
9.1
2.0

Vsq
Zlv2)
720
440

73

2

145

Mean
Std Dev

30.2
8.1

8.4
1.1

11.7
1.7

2157
429

3

124

Mean
Std Dev

46.1
12.3

9.2
122

13.2
2.0

3889
575

4

62

Mean
Std Dev

70.4
18.4

9.4
1.1

13.6
1.8

6279
897

5

28

Mean
Std Dev

105.4
25.8

9.7

14.6
2.0

10132
1389

12
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Figure 3.16. Northerly wind statistics for storms in each class at NDBC Station
42007. The plots show the mean and (+/-) one standard deviation error bars for
storm duration (A), mean wind speed (B), maximum wind speed (C), and V square
value (D).
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Figure 3.18. Distribution o f storms by storm duration and V square value. The plot
also shows limits o f the storm-magnitude classes.

The method used to assign storm magnitude values in this study was
intentionally biased toward higher wind speeds. Storm duration, however, still
proved to be the more dominant variable in determining storm magnitude. The
regression analysis indicated that storm duration had a greater influence on V
square values (R square = 0.84) than did mean wind speed (R square = 0.31) or
maximum wind speed (R square = 0.41) (Figure 3.17). The scatter plots o f the
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storm duration and wind speed data for all storm events (Figure 3.10) clearly
indicated that there was greater variability in storm duration (std. dev. = 27.7 hours)
than in mean wind speed (std. dev. = 1.8 m sec'1) or maximum wind speed (std.
dev. = 2.9 m sec'1), therefore, these results were to be expected. These findings
appear to substantiate the perception o f extratropical storms as low-magnitude,
high-frequency events.
The storm-magnitude data indicate that the distribution o f storm impacts
varied considerably during a storm season. The distribution o f Class 1,2, and 3
storms (the lower magnitude storms) resembled the distribution o f all storms with
the highest frequency in January (6.4) (Table 3.10, Figure 3.19). The distribution of
Class 4 and 5 storms was skewed toward the earlier part o f the storm season with
the highest frequencies in October and November (1.4, each). Although storm
activity was lower during the autumn months, these findings suggest that storm
impacts along the coast may have been greater during this period. One possible
explanation for the high frequency o f Class 4 and 5 storms during the autumn
months is that cold fronts may have stalled along the coast for extended periods,
thereby increasing storm duration in autumn. Although no data are presented to
support this theory, this pattern may be related to delayed cooling of water
temperatures in the Gulf, or the position o f the high-pressure system that resides
over the northern Atlantic Ocean (Bermuda High) (Christopherson 1997) which
may inhibit the southward migration of cold air masses at this time of year. This
pattern o f storm variability should be investigated in future research.
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Table 3.10. Average monthly and annual frequency of storms in each class at
NDBC Station 42007.
CLASS
0
1
2
3
4
5
Total

(A)

SEP
0.0
12

0.9
0.5
0.5
0.4
3.5

OCT
0.1
1.4
12
0.8
0.9
0.5
4.8

NOV
0.1
0.9
1.8
1.5
1.0
0.4
5.7

DEC JAN
0.1
0 2
1.6
1.9
1.4
23
2.0
2.0
0.8
0.9
0.3
0.4
63
7.7

FEB MAR APR MAY TOTAL
0.1
0.1
0.1
1.0
0 2
0.6
2.0
12.4
1.5
13
1.9
13
1.4
13.7
1.6
1.4
12.1
23
03
1.5
0.8
0.5
5.8
0 2
0.3
03
0.4
2.6
0.0
0.0
5.9
5.5
4.8
3.4
47.5

7
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Figure 3.19. Average frequency o f storms in each class at NDBC Station 42007.
The upper plot (A) shows the average frequency of Class 1,2, and 3 storms and the
lower plot (B) shows the average frequency of Class 4 and 5 storms.
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Each o f the seven storm types identified in this study were evaluated to
determine which storm types produced the highest magnitude storm events. Primary
and Secondary Fronts accounted for all Class 5 storms. Primary Fronts, Secondary
Fronts, and Secondary Gulf Lows accounted for all Class 4 storms (Table 3.11).
These results indicate that Primary Fronts and the Secondary Fronts were the two
most dominant storm types at the study site.

Table 3.11. Total number of storm types in each storm-magnitude class at NDBC
Station 42007.
CLASS
0
I
2
3
4
5
Total

PF
5
99
106
95
52
25
382

SF
4
25
28
10
7
J
77

SCF SGL
I
5
6
4
3
3
12
j
13
24

GF
1
1

GL
1
3

PL

2

2

-

3

6

1

TOTAL
10
137
145
124
62
28
506

STORM SUB-TYPES
The northwesterly and northeasterly winds produced by each storm event
were analyzed for the purpose o f evaluating the predominant direction of sediment
transport along the north-facing shores of barrier islands in the region. The analysis
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indicated that there were a significant number o f storms that produced only
northwesterly or northeasterly winds. This information was used to define three
storm sub-types: sub-type A (northwesterly winds), sub-type B (northeasterly
winds), and sub-type C (northwesterly and northeasterly winds).
Sub-type A storms had an average annual frequency of 4.9 storms per year,
and an average storm duration o f 18.9 hours. Sub-type B storms had an average
annual frequency 8.6 storms per year, and average storm duration of 28.5 hours.
Sub-type C storms had an average annual frequency of 33.0 storms per year, and an
average storm duration of 44.6 hours. The average ratio of northeasterly winds
(29.3 hours) to northwesterly winds was (15.3 hours) was approximately 2:1 (Table
3.12 and 3.13).
The average frequency (Table 3.13; Figure 3.20) and average storm duration
(Table 3.14; Figure 3.21) data were used to determine the average duration of
northwesterly and northeasterly winds for each month of the storm season (Table
3.15; Figure 3.21). The average annual duration o f northeasterly winds was 1,212.0
hours, and the average annual duration o f northwesterly winds was 597.5 hours,
which was a ratio of approximately 2:1 (Table 3.15; Figure 3.22). Although wave
measurements at the beach are needed to determine the actual direction of
alongshore sediment transport, the inference can be made from the wind data that
the predominant direction of sediment transport along the northern coast of barrier
islands in the region was westward.
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Table 3.12. Northwesterly and northeasterly wind statistics for storm sub-types at
NDBC Station 42007. The categories include storm duration (T), mean wind speed
(Vavg), and maximum wind speed (Vmax). Sub-type 0 was included in this table to
account for the 10 storms that did not produce northerly winds of 5.5 m sec'1.

SUB-TYPE

#obs

STATS

T
hours

NW
Vavg
m/s

Vmax
m/s

T
hours

NE
Vavg
m/s

Vmax
m/s

0

10

Mean
Std Dev

0
0

-

-

0
0

-

-

Mean
Std Dev

18.9
13.6

8.6
1.7

11.3
32

0
0

_
-

-

Mean
Std Dev

0
0

•

•

-

-

28.5
26.6

8.1
1.7

10.4
2.7

Mean
Std Dev

15.3
14.0

8.7
1.8

11.0
2.8

29.3
24.8

83
1.3

11.0
2.3

A

B

C

50

95

351
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Table 3.13. Average monthly and annual frequency o f storm sub-types at NDBC
Station 42007. Sub-type 0 was included in this table to account for the 10 storms
that did not produce northerly winds o f 5.5 m sec'1.
SUB-TYPE
0
A
B
C
Total

SEP

SEP
0.0
0.1
1.5
1.9
3.5

OCT

OCT NOV DEC JAN FEB MAR APR MAY TOTAL
02
0.1
0.1
0.1
0.1
0.1
03
0.1
1.0
0.6
0.3
0.3
13
0.9
0.5
0.8
0.1
4.9
1.4
0.9
0.8
0.5
1.3
0.3
13
0.6
8.6
4.1
3.6
4.8
4.9
3.6
33
2.3
4.6
33.0
4.8
5.7
62.
7.7
5.9
5.5
4.8
3.4
47.5

NOV

DEC

JAN

FEB

MAR

APR

MAY

Figure 3.20. Average frequency o f storm sub-types at NDBC Station 42007.
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Tabie 3.14. Northwesterly and northeasterly wind statistics for storm sub-types (by
month) at NDBC Station 42007. The categories include storm duration (T), mean
wind speed (Vavg), and maximum wind speed (Vmax). Only “mean” values are
shown for each category.
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Figure 3.21. Average storm duration statistics for storm sub-types at NDBC Station
42007. The upper plot (A) shows the average duration of the storm sub-types and
the lower plot (B) shows the average duration o f northwesterly and northeasterly
winds for sub-type C storms.
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Table 3.15. Average total duration o f northwesterly and northeasterly winds o f all
storms combined at NDBC Station 42007. These data are based on the average
frequency and average duration o f the storm sub-types for each month of the storm
season.
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48 2
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hours
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hours hours hours hours
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Figure 3.22. Average total duration of northwesterly and northeasterly winds o f all
storms combined at NDBC Station 42007.

The distribution of northeasterly winds was highly skewed toward the early
part of the storm season (Figure 3.22). The distribution o f northwesterly winds
resembled a bell curve with the apex in January. Northeasterly winds prevailed each
month, and the margin was extreme during the early part of the storm season. These
results were related to the seasonal variability in the average duration o f the storm
sub-types. The average duration o f sub-type A storms was lowest in autumn. The
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average duration o f sub-type B storms was highest in autumn. For sub-type C
storms, the difference in the average duration o f northeasterly winds and
northwesterly winds was greatest in autumn (Figure 3.21).
The average difference in storm duration between northwesterly and
northeasterly winds during the 3 autumn months was 356.1 hours, the average
difference during the 3 winter months was 182.2 hours, and the average difference
during the 3 spring months was 76.2 hours (Table 3.15). Although the average total
duration o f northerly winds was highest in winter (773.2 hours), the margin
between northwesterly and northeasterly winds was greater in autumn (Figure 3.22)
which suggests that a greater amount o f “net” westward sediment transport (more
westward than eastward) may occur in autumn. This observation presumes that
wind direction and wave direction are directly related; however, their are a number
of factors that may influence this relationship such as wind speed, tidal flow, and
nearshore bathymetry / wave refraction patterns.
The distribution o f storm sub-types by storm types was evaluated to
determine if there was a relationship which might explain the variability in wind
directions (Table 3.16). No obvious relationships were detected. Sub-type A storms
were produced by 5 different storm types, sub-type B storms were produced by 4
different storm types, and sub-type C storms were produced by 6 different storm
types. Also, 3 different storm types (PF, SF, and SGL) produced all 3 sub-types, 2
storm types (SGF and PL) produced only 2 sub-types, and 2 storm types (GF and
GL) produced only 1 sub-type.
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Table 3.16. Total number o f sub-types for each storm type at NDBC Station 42007.
SUB-TYPE
0
A
B
C
Total

PF
5
29
76
272
382

SF
4
8
11
54
77

SGF SGL
1
7
5
7
7
10
24
13

GF

GL

PL

-

-

-

1

-

-

-

-

-

1

6
6

1
2
3

TOTAL
10
50
95
351
506

SEASONAL VARIABILITY
The seasonal variation in the average duration o f northwesterly and
northeasterly winds identified in the previous section (Figure 3.22) was evaluated to
determine if these results had been influenced by an extreme storm season. The
total duration of northwesterly and northeasterly winds o f all storms was
determined for the autumn (September, October, and November), winter
(December, January, and February) and spring (March, April, and May) months of
years in which complete data sets were available. The mean and standard deviation
were then determined for the total duration o f the northwesterly winds, the
northeasterly winds, and for all northerly winds, for each o f the three seasons.
The results for autumn indicate that the variability in northeasterly winds
(std. dev. = 123.0 hours) was considerably higher than the variability in
northwesterly winds (std. dev. = 33.4 hours) (Table 3.17). However, northeasterly
winds prevailed in all 10 years included in the analysis (Figure 3.23), and the
average difference was 374.0 hours. These results indicate that northeasterly winds
consistently prevailed by a significant margin.
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Table 3.17. Total duration o f northwesterly and northeasterly winds o f all
extratropical storms combined at NDBC Station 42007 during the autumn, winter,
and spring season months. Seasons in which a complete data set was not available
were excluded from the analysis.

YEAR
SI-82
82-83
83-84
84-85
85-86
86-87
87-88
88-89
89-90
90-91
91-92
92-93
93-94
94-95
95-96
96-97
Mean
Std Dev

SEP-OCT-NOV
NW
NE
Total
hours hours hours
-

169
73
136
155
152
164
167
83
170
136
140.5
33.4

-

461
462
343
455
619
329
691
618
673
494
514.5
123.0

-

630
-

535
479
610
771
493
858
701
843
630
655.0
129.2

DEC-JAN-FEB
Total
NW
NE
hours
hours
hours
729
394
335
719
523
196
387
711
324
684
939
255
857
426
431
774
392
382
449
706
257
776.4
311.4 465.0
99.7
82.5
75.1
-

MAR-APR-MAY
Total
NW
NE
hours hours hours
338
265
73
423
145
278
440
260
180
454
226
228
413
252
161
382
289
93
446
224
222
379
531
152
441.3
173.4 255.0
52.7
64.7
61.8
-
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Figure 3.23. Total duration o f northwesterly and northeasterly winds o f all
extratropical storms combined at NDBC Station 42007 during the autumn (A),
winter (B), and spring (C) months for all years with complete data sets.
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The results for winter indicate that the variability in northeasterly winds
(std. dev. = 99.7 hours) was slightly greater than the variability in northwesterly
winds (std. dev. = 75.1 hours) (Table 3.17). Northeasterly winds prevailed in 6 of
the 7 years included in the analysis (Figure 3.23), and the average difference was
153.6 hours. These results indicate that northeasterly winds prevailed most years,
but not all, and the average difference appears to have been influenced by one
extreme year (1992-93).
The results for spring indicate that the variability in northeasterly winds
(std. dev. = 61.8 hours) and northwesterly winds (std. dev. = 64.7 hours) was
practically identical (Table 3.17). Northeasterly winds, however, prevailed in 6 of
the 8 years included in the analysis (Figure 3.23), and the average difference was
81.6 hours. These results indicate that northeasterly winds prevailed most years, but
not all, and the difference was consistently minimal.
The results also indicate that there was greater variability in the total
duration o f northerly winds in autumn (std. dev. =129.2 hours) than in winter (82.5
hours) (Table 3.17). There were seven years included in this analysis in which data
were available for both autumn and winter seasons. The winter season prevailed in
5 o f the 7 years, and the average difference was 121.4 hours (Table 3.17, Figure
3.24). These results indicate that the winter storm season prevailed most years, but
not all, and the difference was consistently minimal.
There are three basic “inferences” that can be made from these results when
presuming a direct relationship between wind direction and wave direction,: 1) the
predominant direction o f sediment transport was westward, 2) the “net volume” of
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sediment transported westward was “consistently greater’*in autumn than in winter
(Figure 3.25), and 3) the impact of the winter storm season on the coast was “not
consistently greater” than the impact of the autumn season. The trends identified in
the data, however, need to be evaluated over a longer time period, and need to be
supported with field data. As noted earlier, these observations presume a direct
relationship between wind direction and wave direction, and do not account for the
influence o f wind speed, tidal flow, and nearshore bathymetry / wave refraction.
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Figure 3.24. Total duration of all northerly winds of all extratropical storms
combined at NDBC Station 42007 during the autumn, winter, and spring months.
Only years with complete data sets are included.

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

800
□ NW
□N E
■ Total

700
600
cn 500
| 400
x 300
200

100
0
SEP-OCT-NOV

DEC-JAN-FEB

MAR-APR-MAY

Figure 3.25. Average total duration of northwesterly, northeasterly, and all northerly
winds of all extratropical storms combined at NDBC Station 42007 during the
autumn, winter, and spring months.

1996-1997 STORM SEASON
This section presents the results o f a “case study” of the 1996-1997 storm
season (Figures 3.26-3.28). The data are reviewed here because they indicate how
closely storm activity during the 1996-1997 storm season resembled a typical year
which has significant implications for the field study o f storm impacts presented in
Chapter 5. The total number o f storms observed during the 1996-1997 storm
season (51) (Figure 3.26) was higher than the average annual frequency of storms
expected at the study site (47.5) (Table 3.3). The frequency of storms observed in
March (8), April (8), and May (6) were the highest totals observed in this study for
each of these months (Table 3.3). The frequency of storms observed in January (6)
and February (5), however, were the lowest totals for each of these months.
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Figure 3.26. Frequency of storms at NDBC Station 42007 during the 1996-1997
storm season. The total # of storms was 51. The # o f storms by storm types were:
PF (40), SF (7), SGF (1), SGL (2), PL (1).
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Figure 3.27. Frequency of storms by storm-magnitude class at NDBC Station 42007
during the 1996-1997 storm season. The # o f storms in each class were: Class 0(1),
1(13), 2 (16), 3 (14), 4 (2), 5 (5).
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Figure 3.28. Frequency of storms by sub-type at NDBC Station 42007 during the
1996-1997 storm season. The # o f storms in each sub-type were: sub-type A (7), B
(14), C (29).
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The frequency o f Primary Front storm types (40) (Figure 3.26) observed
during the 1996-1997 storm season was higher than expected (35.9) (Table 3.5),
and the frequency o f Secondary Front storm types (7) was identical to the expected
value (6.9). The frequencies o f the Secondary Gulf Front (1), Secondary Gulf Low
(2), and Primary Low (1) storm types were each similar to the expected values. The
frequency of “Frontal Overrunning” (Muller and Wax 1977) observed at New
Orleans during the 1996-1997 storm season (55 days) was lower than expected
(61.1 days), based on a 30-year record extending from 1961-1990 (LOSC 1997).
Frequency of Frontal Overrunning, however, refers to the “number o f days” that
this synoptic weather type was observed, not the “number o f events.” Therefore,
this discrepancy in expected versus observed “frequency o f frontal activity” does
not appear to be significant.
The frequencies o f Class 1,2, and 3 storms were close to the expected
values; however, the distribution o f Class 1,2, and 3 storms was highly skewed
toward the end o f the year (Figure 3.27; Table 3.10). The frequency o f Class 5
storms (5) was higher than expected (2.6), and the frequency o f Class 4 storms (2)
was lower than expected (5.7). However, the distribution of Class 4 and 5 storms
was normally skewed toward the early and middle part o f the year (Figure 3.19).
This pattern suggests that although the frequency of storms in spring was higher
than expected (Figure 3.26), the storms were low-magnitude events that had a lower
impact on the coast than initially expected.
The frequency of sub-type A storms (7) was higher than expected (4.9), the
frequency of sub-type B storms (14) was higher than expected (8.6), and the
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frequency o f sub-type C storms (29) was lower than expected (33.0) (Figure 3.28;
Table 3.13). Northeasterly winds prevailed each month, except December, which
had the highest frequency of sub-type A storms (2) (Table 3.18; Figure 3.29). The
total duration o f northwesterly winds (545 hours) was below average (597.5 hours),
and the total duration of the northeasterly winds (1,322 hours) was above average
(1,212.0 hours) (Table 3.15 and 3.18). The inference can be made from these results
that the "‘net volume” of sediment transported westward (alongshore) may have
been higher than average, that is, presuming a direct relationship between wind
direction and wave direction.
The total duration of northerly winds in autumn was 630 hours, the total
duration in winter was 706 hours, and the total duration in spring was 531 hours
(Table 3.18). Northeasterly winds prevailed over northwesterly winds by 358 hours
in autumn, 192 hours in winter, and 227 hours in spring. These results suggest that
storms had a greater impact on the coast in winter, but a greater “net volume” of
sediment was transported westward (alongshore) in both autumn and spring (Figure
3.29).
In summary, the distribution o f storms varied considerably from the
expected pattern. The frequencies and durations o f the storm sub-types, however,
were evidently close enough to the expected values to produce a relatively normal
ratio of northwesterly and northeasterly winds. This pattern was especially true in
autumn and winter when the differences between northwesterly and northeasterly
winds (358 hours and 192 hours, respectively) were extremely close to the expected
values for autumn (374.0 hours) and winter (153.6 hours) (Table 3.17 and 3.18). In
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Table 3.18. Total duration o f northwesterly and northeasterly winds o f all
extratropical storms combined at NDBC Station 42007 during the 1996-1997 storm
season.
QUAD SEP O CT NOV DEC JAN FEB MAR APR MAY TOTAL
hours hours hours hours hours hours hours hours hours hours
NW
26
92
115
81
80
16
18
61
56
545
NE
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Figure 3.29. Total duration of northwesterly and northeasterly winds o f all
extratropical storms combined at NDBC Station 42007 during the 1996-1997 storm
season. The upper plot (A) shows the total duration data for each month and the
lower plot (B) shows the total duration data for each season.
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spite o f the unusual distribution o f storms during the season, the “observed” results
were relatively close to the “expected” results. That is, northeasterly winds
prevailed each month, except December, and the greatest “net volume” o f westward
sediment transport most likely occurred in autumn.
SUMMARY
Three categories of attributes were identified in this research that define the
basic characteristics of extratropical storm activity along the northern G ulf coast: 1)
storm type, 2) storm-magnitude class, and 3) storm sub-type. The storm type
describes the synoptic weather pattern that produced the storm event, the stormmagnitude class describes the duration o f the event, and the intensity o f “northerly”
wind speeds during the event, and the storm sub-type describes the direction o f
northerly (northwest vs northeast) winds during the event.
Seven extratropical storm types were identified in this study. Earlier
research by Roberts et al. (1987) on cold fronts and Hsu (1993) on Gulf cyclones
suggested that these storm types should be incorporated into an extratropical storm
classification system for the region. The two “cold front types” identified by
Roberts et al. (1987) (the eastward migrating cyclone and the arctic surge) were
consolidated into the most common storm type identified in this study, the “Primary
Front.” The “Secondary Front,” “Secondary Gulf Front,” and “Gulf Front” storm
types identified in this study evidently correspond to the intermediate classes o f the
“spectrum o f cold front types” noted by Roberts et al (1987). The Gulf cyclone
storm system that Hsu (1993) developed a storm intensity scale for was used as the
basis for two storm types identified in this study, the “G ulf Low” and the
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“Secondary G ulf Low.” The final storm type identified in this study, the “Primary
Low,” is evidently a new storm type for the region. The results indicated, however,
that the frequency o f the Primary Low storm type was extremely low which would
account for its absence from the literature.
The average annual frequency o f storms at the study site was determined to
be approximately 47.5. These results compare favorably with the findings of
previous studies (DiMego et a l . 1976; Henry 1977b). The average annual
frequency o f Primary Fronts was 35.9 which accounted for 75% o f storm activity.
The average annual frequency o f Secondary Fronts was 6.9 which accounted for an
additional 15% o f storm activity. The other five storm types accounted for the
remaining 10% o f storm activity at the study site.
Storm wind data for 506 events were used to evaluate the basic
characteristics o f an extratropical storm event at the study site. Average storm
duration at the study site was 37.8 hours (std. dev. = 27.7 hours), average mean
wind speed was 8.3 m sec'1(std. dev. = 1.8 m sec'1), and average maximum wind
speed was 11.6 m sec'1(std. dev. = 2.9 m sec'1). The storm wind data were also
used to evaluate storm wind conditions for each month o f the storm season, and for
each storm type. Storm duration was highest in autumn, and varied considerably
throughout the year. Mean and maximum wind speeds were relatively consistent
throughout the year. Primary Fronts had higher values than Secondary Fronts in
each o f the basic storm wind categories. Gulf Lows, Secondary Gulf Lows, and
Primary Lows had the highest average mean and maximum wind speeds; however,
these three storm types accounted for a mere 7% o f storm activity at the study site.
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The storm wind data were subsequently used to develop a storm-magnitude
scale. The methodology was designed to assign higher magnitude values to storms
that produced higher wind speeds; however, the higher magnitude storms proved to
be the higher duration storms. This result was attributed to the earlier finding that
the duration of storm events was highly variable, whereas, mean and maximum
wind speeds were relatively consistent. The storm-magnitude data indicate that the
highest frequency of Class 4 and 5 storms (the higher magnitude storms) was in
autumn which indicates that storm duration was highest during the early part of the
storm season, as noted earlier. The explanation for this pattern is unknown;
however, it may be related to warm water temperatures in the Gulf, or the position
of the North Atlantic high-pressure system, either o f which may have some
influence on the southward migration of cold air masses into the region in autumn.
Three storm sub-types were identified in this study based on the direction of
the northerly winds: sub-type A (northwest winds, only), sub-type B (northeast
winds, only) and sub-type C (northwest and northeast winds). Sub-type A storms
had an average annual frequency 4.9 storms per year, and an average duration of
18.9 hours. Sub-type B storms had an average annual frequency of 8.6 storms per
year, and an average duration of 28.5 hours. Sub-type C storms had an average
annual frequency of 33.0 storms per year, and an average duration o f 44.6 hours.
The ratio between northeasterly (29.3 hours) and northwesterly (15.3 hours) winds
for sub-type C storms was approximately 2:1, and the margin between northeasterly
and northwesterly winds was greatest in autumn. The duration of sub-type B storms
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was highest in au tu m n , and the duration o f sub-type A storms was lowest in
autumn.
The average frequency and duration of the storm sub-types resulted in three
significant trends: 1) the average annual ratio of northeasterly winds to
northwesterly winds was approximately 2:1,2) the average duration of
northeasterly winds prevailed over northwesterly winds in each month of the storm
season, and 3) the average duration o f northeasterly winds prevailed over
northwesterly winds by an extreme margin in autumn. These results were found to
be relatively consistent over the time span covered in this study. The data indicated
that storm activity in winter would have the greatest impact on the coast; however,
the extreme difference in the duration of northeasterly and northwesterly winds in
autumn leads to the inference that a greater amount o f westward (alongshore)
sediment transport would occur in autumn, that is, presuming a direct relationship
between wind direction and wave direction which disregards critical factors such as
wind speed, tidal flow, and nearshore bathymetry / wave refraction.
This study made four significant contributions to the present body of
scientific literature on extratropical storm activity in the northern Gulf o f Mexico,
especially as it pertains to the erosion problem observed along the northern shores
o f barrier islands in the region. The first contribution is the identification and
classification of synoptic weather patterns that produce extratropical storm events
in the region. The extratropical storm types identified in this study incorporate, and
expand upon, the findings of earlier studies (Roberts et a l . 1987; Hsu 1993) to
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provide a more complete understanding o f storm activity along the northern Gulf
Coast
The second contribution is the quantification of the range o f “northerly”
wind conditions (storm duration, mean and maximum wind speed) that occur
during extratropical storm events at the study site. The present body o f scientific
literature on storm wind conditions for the northern Gulf o f Mexico is based on the
findings o f two 30-day field studies at Mustang Island, Texas (Fox and Davis
1976), an 8-day field study at Trinity Island, Louisiana (Dingier et a l . 1992), and a
14-hour study at Santa Rosa Island, Florida (Armbruster et a l . 1995).
Approximately 10 storms were monitored in these studies. The findings o f this
study make a significant contribution toward understanding the range o f storm
conditions that may occur during an individual storm event, and the range o f storm
conditions associated with each storm type, and each month o f the storm season.
The third contribution is the development o f a storm-magnitude scale for
extratropical storm events at the study site (based on storm duration and wind
speed). This contribution lays the groundwork for correlating storm wind
conditions with storm impacts along the northern Gulf Coast. This contribution
may have the greatest potential in that storm wind data could be used as a “proxy”
measure o f storm impacts. The ability to estimate the impact o f a storm based on
wind data would be o f tremendous value to both coastal managers and the scientific
community because it would provide a way to estimate the impacts o f recent
storms, and it would provide a way to estimate the impacts o f forthcoming storm
seasons based on seasonal and annual weather predictions.
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The fourth contribution is the quantification o f the predominant direction
and duration o f northerly (northeast vs northwest) winds during extratropical storm
events at the study site. The findings o f this study make a significant contribution
toward understanding the “potential” effects of storms on the lateral migration of
sediment along the coast, which in turn contributes toward understanding how
storms ultimately influence the evolution o f the beach, especially in terms of lateral
changes along the coast.
The values of these many contributions were demonstrated in the “case
study” o f storm activity for the 1996-1997 storm season. The results o f this analysis
indicated that the frequency o f storms was higher than normal (Primary Fronts in
particular), and that the distribution o f storms was highly skewed toward the later
part of the storm season in spring. These late-season storms proved to be shortduration, low-magnitude storms that most likely had little impact on the coast. The
long-duration, high-magnitude storms were normally skewed toward the early part
o f the storm season in autumn. The storm sub-type data indicated that northeasterly
winds prevailed over northwesterly winds each month, except December, when the
highest frequency of sub-type A storms was observed. The duration o f northerly
winds was greatest in winter, but the margin between northeasterly and
northwesterly winds was greater in autumn and spring. These data can be used to
infer that storms had a greater impact on the coast in winter, and that the greatest
amounts o f sediment were transported westward (alongshore) in autumn and spring
(presuming a direct relationship between wind and wave direction). Although the
distribution of storms varied from the expected pattern, the end results appear to
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have been close to normal. That is, northeasterly winds prevailed throughout the
storm season, especially in autumn, and the greatest total amount of northerly winds
was observed in winter.
One final aspect of the findings of this dissertation research needs to be
clarified. This point applies directly to the erosion problem observed along the
northern coast o f barrier islands, and it is in regard to the northeasterly winds that
were found to prevail throughout the storm season. The northeasterly winds are
related to the clockwise (anticyclonic) rotation o f winds around the high-pressure,
cold air mass that migrates along the northern Gulf Coast behind the “cold front.”
The point that needs to be clarified is that mid-latitude “anticyclones” produce the
“northeasterly” winds that prevail along the Gulf Coast, and that these northeasterly
winds were shown to be the predominant component o f the “post-frontal, northerly
winds” that are considered to be the primary forcing agent in coastal erosion
observed along the northern coast o f barrier islands. It was noted at the beginning o f
this chapter, while defining the Primary Front extratropical storm type, that mid
latitude cyclones and anticyclones appear to migrate together as a “linked” weather
system. It is herein recommended that the linkage between these high- and lowpressure systems, and especially the role of anticyclones, be recognized in future
research.
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CHAPTER 4
STORM DYNAMICS
The data presented in Chapter 3 suggest that westward sediment transport
prevails along the northern coast of West Ship Island; however, this observation is
based solely on wind data. The objective o f this chapter is to gain a more complete
understanding o f how storms affect sediment transport processes by evaluating the
in flu ence

o f storm winds on nearshore wave height, water level, and current

conditions. The present body of literature on this subject for the Gulf of Mexico is
limited to a 14-hour study conducted during the passage o f an eastward migrating
cyclone along the north-facing, bayside coast o f Santa Rosa Island, Florida
(Armbruster et al. 1995; Armbruster 1997). It is clearly evident that additional data
are needed to understand the effects o f these storms on nearshore conditions in the
Gulf o f Mexico.
The results o f the 14-hour study at Santa Rosa Island (Armbruster et al.
1995; Armbruster 1997), indicated that winds were from the northwest, wind
speeds exceeded 6 m sec'1 for 10 hours (max. = 9.3 m sec'1), significant wave
heights exceeded 14 cm for 6 hours (max. = 18 cm), eastward, alongshore currents
exceeded 5 cm sec'1throughout the storm (max. = 11 cm sec'1), and onshore
currents remained under 4 cm sec'1throughout the storm. Armbruster et al. (1995)
noted that the northwesterly winds produced an eastward current with a weak
onshore component. At the end of 21 weeks o f monitoring at the site, Armbruster
(1997) made a noteworthy observation concerning wave heights and water levels
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during storms which will be considered in this study. The depth o f water across the
shallow, nearshore platform at Santa Rosa Island was considered to be significant
because the coincidence of a storm and a low tidal level would result in a
significant dissipation of wave energy along the platform, thus reducing the impact
o f storm waves on the foreshore. Furthermore, high tide / high water level
conditions would result in storm waves impacting the foreshore at a higher
elevation, thus increasing the impact o f storm waves on the foreshore, and
increasing the potential for overwash events.
Four critical issues will be considered in this field study: 1) the influence of
wind directions on nearshore current directions for evaluating sediment transport
pathways, 2) the influence of storms on water levels, 3) the influence o f water
levels on wave heights for evaluating the influence of the nearshore platform, and
4) the potential for storms to impact and overwash the foreshore.
Atmospheric data collected by a National Oceanographic and Atmospheric
Administration (NOAA) weather buoy were used, in conjunction with daily
weather maps published by NOAA, to monitor storm activity at the study site. The
buoy was maintained by a branch o f NOAA known as the National Data Buoy
Center (NDBC). The buoy was identified as NDBC Station 42007 and was located
approximately 13 km southeast of West Ship Island in approximately 16 m water
depth (Figure 4.1). The buoy recorded air temperature, barometric pressure, wind
speed, and wind direction data at 1 hour intervals. At the beginning o f each hour,
the buoy sampled wind conditions for 8 minutes and then recorded the average
wind speed and direction. The data were subsequently made available to the public
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at the NDBC Internet site (NDBC 1997). The anemometer on the buoy was located
10m above sea level.

Horn
West Ship Island

Cat

Dauphin
Petit Bois

NDBC Station 42007
Chandeleur
Sound

Chandeleur
Islands

G u lf o f Mexico

.89

Figure 4.1. Location of NDBC Station 42007 and West Ship Island in the northern
Gulf of Mexico. The buoy is located at 30.1° N Latitude and 88.8° W Longitude.

Since NDBC Station 42007 is located farther offshore than West Ship
Island, there are several potential problems that should be recognized in using the
buoy data to evaluate storm conditions at the island. Northerly winds travel over a
greater distance of open sea (longer fetch / reduced friction) before reaching the
buoy, so northerly wind speeds at the buoy may be higher than northerly wind
speeds at the island. Wind directions and the timing o f wind shifts may also vary at
the two locations. Furthermore, cold fronts may stall after passing over West Ship
Island, but before passing over the buoy.
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In order to evaluate the difference in wind conditions at the two sites, a
wind vane and anemometer were deployed at West Ship Island to collect wind
speed and direction data during an 18-day study period. The wind vane was
attached to the top o f an aluminum pole that was erected on the crest o f the primary
dime overlooking the soundside beach (Figure 4.2). The anemometer was mounted
on the pole at a height of 3.60 m above the crest of the dune. The elevation o f the
dune crest was determined to be 3.89 m above the National Geodetic Vertical
Datum (NGVD) o f 1929, which is approximate to sea level, so the elevation o f the
anemometer was 7.49 m NGVD. The wind vane and anemometer collected data at
1 hour intervals. At the beginning o f each hour, wind conditions were sampled at 10
second intervals for 6 minutes. The average wind speed and direction were recorded
at the end of the sampling period. Plots of the data are shown in Figure 4.3.
The average speed o f “northerly” winds recorded at NDBC Station 42007
(8.65 m sec'1) was approximately 1 m sec'1higher than the average speed of
“northerly” winds recorded at West Ship Island (7.68 m sec'1). However, the
maximum northerly wind speed recorded at NDBC Station 42007 (13.8 m sec'1)
was approximately 1.4 m sec'1 lower than the maximum northerly wind speed
recorded at West Ship Island (15.2 m sec'1). Higher average wind speeds were
expected at NDBC Station 42007 because o f the difference in fetch, and because
the anemometer on the buoy was mounted approximately 2.5 m higher above sea
level than the anemometer at West Ship Island. It is also important to note that
differences in instrument calibration may have increased or decreased the
discrepancy in wind speeds recorded at the two sites.
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Figure 4.2. Location o f the wind and wave monitoring instruments deployed along
the north-facing coast o f West Ship Island. The upper plot (A) shows the location
o f the instruments along the soundside coast. The lower plot (B) shows the location
o f the instruments along a cross-sectional profile of the beach.
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Figure 4.3. Wind speed and wind direction data collected at West Ship Island and at
the NOAA weather buoy (NDBC Station 42007) from February 20, to March 9,
1997. The upper plot (A) shows a comparison o f the wind speed data and the lower
plot (B) shows a comparison o f the wind direction data.
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Wind directions recorded at West Ship Island were consistently shifted
approximately 30 degrees westward of wind directions recorded at NDBC Station
42007. The wind vane deployed at West Ship Island was calibrated with a hand
held compass which could easily account for the discrepancy in wind directions.
Although the actual wind speed and direction values differed, identical changes in
both wind speed and wind direction were recorded at approximately the same time
at each site. These findings suggest that the wind data recorded at NDBC Station
42007 represent a reasonable sample of wind conditions at West Ship Island.
A SeaPac Model 2100 Wave, Tide, and Current Gauge (Woods Hole
Instrument Systems 1996a) was used to collect wave height, tide, and alongshore
(east-west) and cross-shore (north-south) current data. The instrument was attached
to an aluminum tripod with weighted legs (Figure 4.4) and deployed approximately
100 m offshore in approximately I m water depth (Figure 4.2). The SeaPac
instrument collected data at 1 hour intervals. At the beginning of each hour, water
conditions were sampled for 512 seconds. The water pressure sensor was located 21
cm above the seabed and recorded water level data at 0.25 second intervals. These
data were used to compute the significant wave height and tide level during the
sampling period. The WavePro (Woods Hole Instrument Systems 1996b) software
program used to compute significant wave heights was based on the Wave Data
Analysis Standard established by the U.S. Army Corps o f Engineers (Earle et al.
1995). The bi-directional current sensor was located 27 cm above the seabed and
recorded alongshore and cross-shore current speed data at 1 second intervals. The
data were used to determine the mean and maximum
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%

Figure 4.4. SeaPac Model 2100 Wave, Tide, and Current Gauge attached to an
a lum inum tripod for deployment along the northern coast o f West Ship Island.

Matthew Taylor is shown inspecting the instrument before deployment. Photo taken
by author in February, 1997.
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significant wave height during storms, the tidal range during storms, and the mean
and maximum alongshore and cross-shore current speeds during storms.
The field study was conducted during a three week period between February
17, and March 9, 1997. Daily weather maps published by the National Oceanic and
Atmospheric Administration (NOAA 1997) indicate that three cold fronts passed
along the Gulf Coast during this period. The dates o f the frontal passages were
February 22, March 3, and March 6 (Figure 4.5-4.7). It is important to note that a
cold front stalled along the coast on February 27, and that the squall line that
preceded the front increased wind speeds and wave heights at West Ship Island for
a brief period on that date. However, an official storm event was not declared until
the front passed the study site on March 3.
The SeaPac instrument was deployed at 4 p.m. on February 17, 1997, and
recorded data until 9 a.m. on March 8, 1997 (Central Standard Time). The data,
however, are displayed in Universal Coordinated Time (UTC) units for comparison
with the data collected at NDBC Station 42007. There is a 6 hour difference
between these two time systems, and Universal Coordinated Time uses a 24 hour
clock rather than a 12 hour clock (e.g., 12:00 p.m. CST = 18:00 UTC). The data for
February 17, 18, and 19 were not included in the data plots because this period
coincided with the later stages o f an earlier storm. The following sections present
the results of the wind monitoring at NDBC Station 42007, and the results o f the
wave, tide, and current monitoring at West Ship Island.
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Figure 4.5. Weather patterns associated with the first cold front passage (February
22, 1997) observed during the field study at West Ship Island. The upper plot (A)
shows the day before the frontal passage, the middle plot (B) shows the day o f the
frontal passage, and the lower plot (C) shows the day after the frontal passage.
These maps are based on daily weather maps published by NOAA (1997).
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Figure 4.6. Weather patterns associated with the second cold front passage (March
3, 1997) observed during the field study at West Ship Island. The upper plot (A)
shows the day before the frontal passage, the middle plot (B) shows the day o f the
frontal passage, and the lower plot (C) shows the day after the frontal passage.
These maps are based on daily weather maps published by NOAA (1997).
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Figure 4.7. Weather patterns associated with the third cold front passage (March 6,
1997) observed during the field study at West Ship Island. The upper plot (A)
shows the day before the frontal passage, the middle plot (B) shows the day o f the
frontal passage, and the lower plot (C) shows the day after the frontal passage.
These maps are based on daily weather maps published by NOAA (1997).
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W IND SPEED AND DIRECTION
The wind speed and direction data collected at NDBC Station 42007 are
shown in Figure 4.8. The post-frontal phase o f Storm I initially produced
northwesterly winds with a mean azimuth o f 341 degrees for 15 hours. The mean
wind speed was 10.3 m sec'1; the maximum speed was 13.8 m sec'1. The storm
subsequently produced northeasterly winds with a mean azimuth o f 54 degrees for
an additional 69 hours. The mean wind speed was 9.9 m sec'1; the maximum speed
was 13.4 m s e c 1. The mean wind speed for all 84 hours o f northerly winds was
10.0 m sec'1.
The post-frontal phase of Storm 2 produced northwesterly winds with a
mean azimuth o f 283 degrees for 8 hours. The mean wind speed was 7.1 m sec'1;
the maximum speed was 9.6 m sec'1.
The post-frontal phase of Storm 3 initially produced northwesterly winds
with a mean azimuth o f 342 degrees for 10 hours. The mean wind speed was 11.2
m sec*1; the maximum speed was 12.1 m sec'1. The storm subsequently produced
northeasterly winds with a mean azimuth o f 34 degrees for an additional 29 hours.
The mean wind speed was 9.3 m sec'1; the maximum speed was 12.4 m sec'1. The
mean wind speed for all 39 hours o f northerly winds was 9.8 m sec'1.
WAVE H EIGHTS AND TIDES
The significant wave height and tide data collected at West Ship Island are
shown in Figure 4.9. Storm 1 produced a maximum significant wave height of 30.4
cm; the average during the 84 hours of northerly winds was 19.8 cm. Storm 2
produced a maximum significant wave height o f 18.9 cm; the average during the 10

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1080

30
NW ^

NW

NE

NW 1 NE

1070

20
ij

GA

l lw

10

■ ^ \ / y V

j^ N o rth e riy W in d ^

~

; $ £CA
£U Q

1030

Z
s -10
Southerly Winds

CA
CA

1020

-20

1010

-30

1000

20 21 22 23 24 25 26 27 28 I 2 3
FEB 20 - MAR 9. 1997

4

5

6

7

8

9

Figure 4.8. Standard meteorological data collected at NDBC Station 42007 from
February 20, to March 9, 1997. The left axis shows air temperature and wind speed
values. Northerly winds are plotted as positive values and southerly winds are
plotted as negative values. The right axis shows barometric pressure values. Three
cold fronts passed during the study period and are numbered on the plot. The
arrows and labels indicate the approximate time that the wind shifted from
northwest to northeast during the post-frontal phases o f storms 1 and 3. As noted
earlier, the event on February 27 was not considered an official storm event.
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Figure 4.9. Significant wave height (Hs) and tide data collected along the northern
coast o f West Ship Island from February 20, to March 9, 1997. Three cold fronts
passed during the study period and are noted on the plot. As noted earlier, the event
on February 27 was not considered an official storm event.
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hours o f northerly winds was 12.4 cm. Storm 3 produced a maximum significant
wave height o f 32.6 cm; the average during the 39 hours of northerly winds was
22.5 cm. Wave periods varied between 2 and 3 seconds throughout the study.
The average water depth at the location o f the SeaPac instrument was
approximately 1.1m. The differences between high and low tide during Storm 1
(February 22-26) were 50 cm, 22 cm, 14 cm, 30 cm, 8 cm, and 25 cm. The
difference between high and low tide on the day o f Storm 2 (March 3) was 64 cm.
The differences between high and low tide during Storm 3 (March 6-8) were 64 cm,
32 cm, and 50 cm.
ALONGSHORE AND CROSS-SHORE CURRENTS
The alongshore and cross-shore current data collected at West Ship Island
are shown in Figure 4.10. The post-frontal phase of Storm 1 initially produced
northwesterly winds (341°) for 15 hours which produced an eastward current with
an onshore component. The maximum eastward current speed was 4.6 cm sec'1; the
average speed was 2.6 cm s e c 1. The maximum onshore current speed was 7.1 cm
sec'1; the average speed was 4.3 cm sec'1. The storm subsequently produced
northeasterly winds (54°) for 69 hours which produced a westward current. The
maximum westward speed was 11.4 cm sec'1; the average speed was 6.9 cm sec*1.
Cross-shore currents varied during this period. The maximum onshore speed was
6.9 cm sec'1, and the maximum offshore speed was 4.8 cm sec*1.
The post-frontal phase of Storm 2 produced northwesterly winds (283°) for
8 hours which produced an eastward current with an offshore component. The
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Figure 4.10. Alongshore and cross-shore current speed data collected along the
northern coast of West Ship Island from February 20, to March 9, 1997. The upper
plot (A) shows the alongshore current data with westward currents plotted as
positive values and eastward currents plotted as negative values. The lower plot (B)
shows the cross-shore current data with offshore currents plotted as positive values
and onshore currents plotted as negative values. As noted earlier, the event on
February 27 was not considered an official storm event.
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maximum eastward speed was 6.2 cm sec'1; the average speed was 4.5 cm sec'1.
The maximum offshore speed was 2.9 cm sec'1; the average speed was 1.3 cm sec'1.
The post-frontal phase o f Storm 3 initially produced northwesterly winds
(342°) for 10 hours which produced an eastward current with an offshore
component. The maximum eastward speed was 3.0 cm sec'1; the average speed was
2.1 cm se c 1. The m axim um offshore speed was 3.6 cm sec'1; the average speed was
1.9 cm sec'1. The storm subsequently produced northeasterly winds (34°) for 29
hours which produced a westward current with an offshore component. The
maximum westward speed was 13.8 cm sec'1; the average speed was 4.7 cm sec'1.
The maximum offshore speed was 3.7 cm sec'1; the average speed was 1.9 cm sec'1.
DISCUSSION
The first point of interest is the distinct signature in the atmospheric data
recorded at NDBC Station 42007 during each o f the three cold front passages
(February 22, March 3, and March 6) that occurred in the study period (Figure 4.8).
Each frontal passage can easily be identified by a sharp decrease in air temperature,
and the transition between pre- and post-frontal phases can easily be identified by
the shift from southerly to northerly winds. Furthermore, the migration o f cold air
masses (high-pressure, anticyclones) along the Gulf Coast can be detected by
distinct increases in barometric pressure during the post-frontal phases o f Storms 1
and 3.
The second point of interest is the relationship between storm wind
conditions and their influence on nearshore currents. The wind speeds recorded
during Storm I (mean = 10 m sec'1; max. = 13.8 m sec'1) and Storm 3 (mean = 9.8
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m sec*1; max. = 12.4 m sec*1) compare favorably with the findings of Fox and Davis
(1976) at Mustang Island, Texas (mean = 8-10 m sec'1; max. = 15 m sec*1) and
Dingier et al. (1992) at Trinity Island, Louisiana (max. = 11 m sec'1). Storm 2 was
rather mild by comparison (mean = 7.1 m sec*1; max. = 9.6 m sec'1) and appears to
have been similar to the storm monitored by Armbruster et al. (1995) (max. = 10 m
sec'1). Fox and Davis (1976) noted that wind direction generally shifted from
southwest to northeast during a frontal passage, and the wind shift resulted in a
reversal in the direction of the alongshore current. Although this research at West
Ship Island was restricted to the post-frontal phase, the data show a similar shift in
wind direction and reversal in alongshore current direction. Each of the three
storms initially produced northwesterly winds which produced eastward currents;
however, wind direction shifted to the northeast during Storm 1 and Storm 3 which
resulted in a reversal in the alongshore current (Figures 3.8 and 3.10).
The eastward currents produced by Storm 1 (mean = 2.6 cm sec'1; max. =
4.6 cm sec'1) and Storm 3 (mean = 2.1 cm sec'1; max. = 3.0 cm sec*1) were
considerably lower than the eastward currents produced by Storm 2 (mean = 4.5 cm
sec'1; max. = 6.2 cm sec'1). These results were evidently related to the actual
direction of northwesterly winds. The average direction o f northwesterly winds
during Storm 1 (341°) and Storm 3 (342 °) was almost directly onshore, whereas the
average direction of northwesterly winds during Storm 2 (283°) was almost directly
alongshore.
The average direction of northeasterly winds during Storm 1 (54 °) was
more directly alongshore than the average direction o f northeasterly winds during
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Storm 3 (34 °). This may explain why the average westward current speed produced
by Storm 1 (6.9 cm sec'1) was greater than the average westward current speed
produced by Storm 3 (4.7 cm sec'1). However, Storm 3 actually produced a higher
maximum westward current speed (13.8 cm sec'1) than Storm 1 (11.4 cm sec*1).
Finally, the fact that the duration o f northwesterly winds was shorter than
the duration o f northeasterly winds during Storm 1 (15 hours vs. 69 hours) and
Storm 3(10 hours vs. 29 hours) is significant because it resulted in the duration of
eastward currents being shorter than the duration o f westward currents. These
results suggest that the predominant direction o f alongshore sediment transport
during the study period was westward. It should also be noted that offshore currents
prevailed over onshore currents during Storms 2 and 3 although onshore currents
clearly prevailed during the study period. More importantly, alongshore currents
prevailed over cross-shore currents throughout the study period, especially during
storms.
These results indicate that there are three significant points that characterize
the relationship between winds and nearshore currents along the northern coast
during storms: 1) a shift from northwesterly to northeasterly winds during a storm
results in a reversal in the direction of alongshore currents, 2) northerly winds that
flow more directly alongshore (parallel to the coast) produce higher alongshore
current speeds than northerly winds that flow more directly onshore (perpendicular
to the coast), and 3) the predominance o f northeasterly winds over northwesterly
winds during a storm results in a longer duration o f westward currents than
eastward currents, and thus, westward sediment transport prevails. Although this is
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a limited sample, these findings could have significant implications for
understanding sediment transport along the north-facing shores of barrier islands in
the region.
Relating the storm wind data to the findings o f the previous chapter on
extratropical storm activity indicates that Storm I would be classified as a Class 5,
sub-type C, Secondary Front, Storm 2 would be classified as a Class 1, sub-type A,
Secondary Front, and Storm 3 would be classified as a Class 3, sub-type C, Primary
Front. This information is significant because it can be used to determine how often
storm events with characteristics similar to the ones observed in this study would be
expected during an average storm season. Approximately 2.6 storms o f the same
magnitude as Storm 1 (Class 5), approximately 12.4 storms of the same magnitude
as Storm 2 (Class 1), and approximately 13.7 storms o f the same magnitude as
Storm 3 (Class 3) would be expected during an average storm season (Table 3.9).
These data therefore provide examples o f storm conditions for approximately 28.7
storms per year which accounts for approximately 60% o f the 47.5 storms per year
expected at the study site. In regard to wind direction, Storms I and 3 were sub-type
C storms (33.0 storms per year), and Storm 2 was a sub-type A storm (4.9 storms
per year) (Table 3.13). These data therefore provide examples of approximately
80% of storms expected at the study site per year. Considering the relationship
between wind direction and current direction observed in this chapter, these data
offer strong evidence in support o f the observation that westward sediment
transport prevails along the northern coast o f the island.
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The third point of interest is the relationship between storms and tides. The
tidal range on the first day o f Storm 1 was 50 cm; however, the range decreased to
22 cm and 14 cm on the following days (Figure 4.9). Although the tidal cycle was
approaching an equatorial phase when lower ranges are expected, it appears that the
storm influenced these results. The tidal range on the first day o f Storm 3 was 64
cm; however, the range decreased to 32 cm on the following day, then appeared to
return to normal on the third day as it increased to 50 cm. These results suggest that
Storms 1 and 3 setup water levels along the coast which reduced the variation in
water level between the ebb and flood stages o f the tidal cycle. The northerly storm
winds evidently forced water shoreward during ebb tides which effectively reduced
the variation in water level across the nearshore shelf.
The fourth point o f interest is the relationship between tides and wave
heights. Storm I began at high tide, and the maximum wave height at that time was
30.4 cm (Figure 4.9). However, wave height decreased to 17 cm at low tide, then
increased to 28.7 cm as water level increased. Wind speed, however, had decreased
during the second high tide period (Figure 4.8). Storm 2 occurred at low tide and
produced the lowest maximum wave height o f the three storms (18.9 cm); however,
it was also the weakest of the three storms. Storm 3 began at high tide, and the
maximum wave height on the first day was 32.6 cm. However, wave height
decreased to 14.3 cm at low tide. Wave height increased to 30.2 cm at the next high
tide, then decreased again to 17.1 cm at the next low tide. Finally, as water level
increased again, wave height increased to a maximum of 23.4 cm before the storm
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subsided. Each of the low tide / low wave height periods during Storm 3 coincided
with peak periods in wind speed (Figure 4.8).
These results suggest that tides / water levels had a greater influence on
wave heights during storms than did wind speeds. Storm 3 is evidently a classic
example o f this complex relationship. The influence of tides on wave heights was
evidently related to water depth across the nearshore shelf that lies along the
northern coast of the island. The average water depth across the shelf was relatively
shallow at approximately 1 meter (Figure 2.2). Water depth across the shelf during
low tide periods was evidently reduced to the point that larger storm waves broke
farther offshore. During high tide periods, increased water depths enabled larger
storm waves to traverse the nearshore shelf and impact the beach. These results
support the observations by Armbruster (1997) on the relationship between water
levels and wave heights during storms, and the influence o f the nearshore shelf,
which leads to our final point o f interest.
The fifth and final point o f interest is the impact of storms on the beach. The
results o f this study support the observation by Armbruster (1997) that the
coincidence o f a storm and a low tide / low water period would result in a
significant dissipation o f wave energy on the shallow nearshore platform, thus
reducing the impact o f storm waves on the foreshore. And the complimentary
observation that the coincidence o f a high tide / high water period would result in
storm waves impacting the foreshore at a higher elevation, thus increasing the
impact on the beach, and the potential for overwash events. These results have
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significant implications for understanding the damage that storm waves inflict upon
the foreshore under specific tidal phase / water level conditions.
Furthermore, these findings have significant implications for understanding
sediment transport along the coast As noted, the coincidence of a storm and a lowtide period would result in a significant dissipation o f wave energy on the nearshore
platform, thus increasing the potential for sediment transport along the shelf, and
reducing the potential for sediment transport along the foreshore. High-tide periods
would therefore be associated with greater sediment transport along the foreshore,
and reduced sediment transport along the shelf.
This study has shown that wind direction, storm duration, tides / water level,
and wave height are critical components of storm dynamics along the northern
coast o f West Ship Island. Variations in these factors result in storms having
different impacts on the foreshore, and result in sediment transport occurring along
different sections o f the profile. The results have significant implications for storms
in which wind directions shift from northwest to northeast. Variations in tides /
water levels during a storm would have a significant influence on the predominant
direction of sediment transport along the foreshore, and along the nearshore shelf.
For example, strong, northwesterly winds may be observed at the beginning
o f a storm at low tide (Stage 1). Wind direction subsequently shifts to the northeast,
wind speeds decrease, and water level rises (Stage 2). Although wind speeds were
higher in Stage I, the low tide would reduce wave heights, reduce the impact o f
storm waves on the foreshore, and increase sediment transport on the shelf.
Although wind speeds were lower in Stage 2, the high tide would enhance wave
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heights, enhance storm wave impacts on the foreshore, and increase sediment
transport along the foreshore. The end result would be greater eastward sediment
transport along the shelf in Stage 1, and greater westward sediment transport along
the foreshore in Stage 2. Variations in tides / water depths across the nearshore
platform would therefore counter the influence of wind speeds, and alter the
balance in sediment transport along the shelf and the foreshore. A conceptual model
o f this scenario is presented in Figure 4.11. A classic example o f the complex
relationship between wind speed, wave height, and water level was observed during
Storm 3 on March 6-8, 1997, when wave heights decreased significantly during two
low-tide periods even though each o f these periods coincided with peak periods in
wind speed (Figure 4.8).
It should be noted that evidence o f sediment transport on the shelf was
detected when recovering the SeaPac instrument at the end of the study period.
Weighted metal plates (40 cm diameter) (Figure 4.4) had been attached to the legs
o f the aluminum tripod that supported the SeaPac instrument to stabilize the
deployment. Approximately 2-3 cm o f sediment had accumulated on top o f the
metal plates by the end o f the deployment period, consequently, the plates had to be
physically “dug out” o f the sand. This incident provides empirical evidence that
sediment transport occurs on the shelf in water depths of up to I m.
In the previous chapter, the observation was made that the average
predominance of northeasterly winds during a storm season would result in a
greater “net volume” of sediment being transported westward along the northern
coasts o f barrier islands during an average storm season. It was noted that this
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STAGE 1: Eastward sediment transport
along the nearshore piatform at low tide

pones

Shoreline

p\atfot*fr

Water Level at
Low Tide

Northwesterly Winds

STAGE 2: Westward sediment transport
along the foreshore at high tide
Shoreline

.^eaishore

pXatfotw

Northeasterly Winds

Water Level at
High Tide

Figure 4.11. Conceptual model of the relationship between tides and the location of
sediment transport along the profile. Although wind speeds may be higher during
stage I, a greater volume of sediment may be transported along the foreshore at
high tide during stage 2. Thus, westward transport prevails along the foreshore.
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observation was based on a direct relationship between wind direction and wave
direction, and that it did not consider the influence of wind speeds or the tidal cycle.
The data presented in this chapter indicate that there was a relatively direct
relationship between wind direction and wave direction which supports the
observation that westward sediment transport along the coast would prevail.
However, the influence o f tides / water levels on wave heights detected in this study
suggests that sediment transport varies between the shelf and the foreshore.
Therefore, the ratio of northwesterly winds to northeasterly winds does not appear
to be an accurate indicator o f the ratio o f sediment (m3) transported eastward and
westward along the “foreshore.”
This brief study identified four significant relationships that appear to be
critical in understanding storm dynamics in these environments: 1) the influence of
northerly wind directions on nearshore currents (current reversal, duration, and
velocity), 2) the influence o f storm winds on ebb tide levels (water level setup), 3)
the greater influence o f tides / water depths over wind speeds in controlling wave
heights, and 4) the influence o f tides / water depths on sediment transport across the
shelf, and on sediment transport and storm wave impacts / overwash on the
foreshore.
Although the conclusions presented here are based on a limited sample, the
findings of this study are significant because they support the observations by
Armbruster (1997) on the relationship between water levels and wave heights, and
because they contribute toward a greater understanding o f the range o f nearshore
conditions that occur in these environments {i.e., variations in wind direction, wave
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heights, current velocities, tides / water levels, and storm duration) which ultimately
influence the evolution of the beach. The relationships identified in this study,
therefore, make a significant contribution to the present body o f literature on the
effects of extratropical storms on nearshore wave, tide, and current conditions along
the northern coasts of barrier islands o f the northern Gulf of Mexico, especially
when considering the limited availability o f scientific literature on this topic.
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CHAPTER 5
STORM IMPACTS
The data presented in Chapter 3 suggest that westward sediment transport
prevails along the northern coast o f West Ship Island because northeasterly winds
prevail over northwesterly winds by a ratio o f approximately 2:1 during an average
storm season. The data presented in Chapter 4, however, suggest that the ratio of
northeasterly winds to northwesterly winds would not be a reliable indicator of the
ratio o f sediment transport along the “foreshore.” The objective o f this chapter,
therefore, is to evaluate the actual effects of extratropical storm activity during the
1996-1997 storm season on the beach along northern coast o f West Ship Island.
The present body o f literature on this subject for the Gulf o f Mexico is
limited to a 4-year study along a 600 m wide beach nourishment site at West Ship
Island (Chaney and Stone 1996), and a 21-week study at two sites (120 m and 300
m wide) along the northern coast of Santa Rosa Island, Florida (Armbruster et al.
1995; Armbruster 1997). It is clearly evident that additional data are needed over
greater spatial and temporal scales to fully understand the effects o f extratropical
storms on the evolution of these coastal environments.
Armbruster (1997) noted that foreshore responses to storms varied laterally
along the beach, and attributed this to variability in storm conditions (water depth,
wave heights, and wave directions). It was suggested that the backshore / foredune
area served as the primary source o f sediment to the foreshore, and that different
sections of the foreshore subsequently served as sources o f sediment to other
sectors of the beach. The nearshore platform served as the terminal sink.
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Consequently, various sectors o f the foreshore experienced short-term, localized
increases in width and volume, but the entire foreshore area ultimately suffered
erosion as sediment was removed from the foreshore sediment transport system and
deposited on the nearshore platform.
In regard to storm conditions, Armbruster (1997) suggested that variations
in tides / water depth influenced the elevation at which storm waves impacted the
foreshore. The data presented in Chapter 4 support this observation because they
indicate that variations in tides / water depth could enhance or reduce the impacts o f
storm waves on the foreshore, and could determine whether a greater amount of
sediment transport occurred along the nearshore platform or along the foreshore.
These findings suggest that tides could alter the predominant direction o f sediment
transport along the nearshore platform and along the foreshore during storms in
which wind direction shifts from northwest to northeast. Determining the
predominant direction o f sediment transport along the foreshore is therefore more
complicated than simply determining the predominant direction of storm winds, as
initially suggested in Chapter 3, which brings us to the purpose of this chapter. For
future reference, the analysis of the 1996-1997 storm season indicated that the ratio
of northeasterly winds (1,322 hours) to northwesterly winds (545 hours) was
slightly above the average ratio o f 2:1 (Table 3.18).
Three critical aspects o f beach change over a storm season will be evaluated
in this study: 1) total changes in beach width and volume along the entire northern
coast o f the island for evaluating annual rates o f change, 2) lateral changes in beach
width and volume along the coast for evaluating the influence o f northwesterly and
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northeasterly winds on sediment transport, and 3) cross-sectional changes in the
morphology o f the beach (i.e. evolution of the profile) for evaluating both
alongshore and cross-shore trends in sediment transport.
The field study at West Ship Island consisted o f monitoring two sets of
beach profiles over a one-year study period that extended from May, 1996, to June,
1997. The two sets o f profiles were established at different scales o f resolution
(Figure 5 .1). The first set included eight profile lines established along the crest o f
the foredune system at approximately 600 m intervals which provided coverage
along the entire length o f the island. Surveys were conducted in June, October, and
December, 1996, and in February, March, April, and June, 1997. The second set o f
profiles included six lines established at 50 m intervals along the beach
nourishment site adjacent to Fort Massachusetts. Surveys were conducted in April
and May, 1996, and in May, 1997.
In May, 1996, the National Park Service nourished the beach adjacent to
Fort Massachusetts with approximately 50,000 m3 o f material dredged from the
navigation channel located along the west tip o f the island. A survey baseline was
established parallel to the shoreline before the beach was nourished. Five profile
lines were established at 50 m intervals along the baseline. Shoreline erosion near
the fort prevented the baseline from extending eastward across the entire
nourishment site, so a pre-existing profile line at the eastern end o f the nourishment
site was included in the study. This profile line had previously been established by
the National Park Service at a U.S. Army Corps o f Engineers benchmark located at
the northeast comer o f the fort. The five profile lines along the baseline had a
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Figure 5.1. Location o f the beach profile lines at West Ship Island. The upper plot
(A) shows the location of the profiles along the soundside coast, and th; location of
the beach nourishment site adjacent to Fort Massachusetts. The lower plot (B)
shows the location o f the profiles at the beach nourishment site, and the position of
the shoreline before and after the beach was nourished, and then one year later.
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magnetic bearing o f N 15° W. The pre-existing profile line at the benchmark had a
magnetic bearing o f N 00° W (magnetic north). This set o f profiles provided
coverage o f the site before and after the beach was nourished (in May, 1996), and
was subsequently used to document the effects o f storms on the beach nourishment
material after it had been in place for one year (May, 1997).
A Topcon GTS-203 Total Station with an electronic data collector was used
to survey the profiles. The instrument records horizontal and vertical angles at
increments of 10 arc-seconds (precision: +/- 5 arc-seconds), and records distances
at increments o f 0.001 m (precision: +/- (5mm + 5 ppm) (Topcon 1996). A U.S.
Army Corps o f Engineers benchmark located at the northeast comer of Fort
Massachusetts was used to relate all elevations to the National Geodetic Vertical
Datum (NGVD) o f 1929. The elevation of the benchmark was +0.845 m NGVD.
Each profile was surveyed from the crest of the foredune, where present, to
a set distance offshore. Elevations were recorded at significant breaks in slope
along the beach, and at regular intervals along the nearshore platform. Elevations
were recorded at regular intervals along the seabed because water depth and clarity
made it difficult to determine breaks in slope. The length o f the profile lines
included in the first set of profiles (entire coast) was set at 100 m; however, one
profile line (SI) was limited to 70 m because water depth restricted data collection.
The length of the profile lines included in the second set o f profiles (beach
nourishment site) was set at 170 m; however, one profile line (W6) was limited to
140 m because water depth restricted data collection.
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The survey data were used to compute beach width and volume data for
each profile. The width of the beach was defined as the distance along the profile
from the baseline to 0 elevation NGVD (approximate mean sea level). The survey
along each profile was considered to be the centerline measurement o f a 1-meter
wide transect for computing volume. The volume o f a profile was defined as the
volume o f sediment contained within the space that extended from the surface of
the beach / seabed to a depth o f -2 m NGVD. Depth was set at -2 m NGVD because
the maximum depth of the seabed within the monitoring area was approximately 1.3 m NGVD.
In early October, 1996, Tropical Storm Josephine developed near Veracruz,
Mexico, migrated northeastward across the Gulf, and made landfall along the
Florida coast (Figure 5.2). The track o f the storm system passed eastward o f West
Ship Island, but waves generated by the storm impacted the island on October 7 and
8, 1996. A NOAA weather buoy located approximately 60 km southeast o f West
Ship Island (NDBC Station 42040) recorded a maximum wind speed o f 19.8 m
sec'1, and a maximum significant wave height o f 6.2 m when the storm passed
(Figure 5.3). This event had a significant impact on the northern coast o f West Ship
Island. It is critical to recognize at this point that the impact of Tropical Storm
Josephine significantly altered the morphology o f the soundside beach, and that the
changes detected in the survey data during the “post-Tropical Storm Josephine”
period do not necessarily reflect the changes that occur during an “average” storm
season.
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Figure 5.2. Satellite Image o f Tropical Storm Josephine on October 7,1996. The
image is a Thermal I.R. image captured by the GOES-8 satellite and post-processed
by the LSU Earth Scan Lab.
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Figure 5.3. Wind speed and wave height data recorded at NDBC Station 42040
during the passage o f Tropical Storm Josephine in October, 1996. NDBC Station
42040 is located approximately 45 km south of Mobil Bay, Alabama.
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T H E NORTHERN COAST
The initial survey o f the profiles that were established at approximately 600
m intervals along the northern coast o f West Ship Island was conducted in June,
1996 (Figure 5.1). The second survey was conducted on October 9, 1996, the day
after Tropical Storm Josephine (TSJ) made landfall. Subsequent surveys were
conducted in December, February, March, and April, and a final survey was
conducted at the end o f one year in June, 1997. The beach width data are presented
in Table 5.1 and Figure 5.4. The volume data are presented in Table 5.2 and Figure
5.5. Summary tables o f the change in beach width and volume for the “TSJ” period
(June, 1996 to October, 1996), and the “post-TSJ” period (October, 1996 to June,
1997) are presented in Tables 5.3 and 5.4. Plots o f the beach profile survey data are
presented in Appendix 1.
It should be noted that Tropical Storm Josephine destroyed the profile
markers at S4, and overwashed the beach at S8. Surveys were discontinued at S8
after subsequent overwash events dramatically changed the morphology o f the
profile. The data collected at profiles S4 and S8, therefore, were not included in the
final results. It should also be noted that the survey markers at SI were temporarily
lost, so no data were recorded on the February, March, and April survey dates.
The results o f the post-Tropical Storm Josephine survey in October, 1996,
indicate that beach width increased along every profile, and the greatest increase
occurred at S3 (+6.65 m) (Table 5.3). The results also show that changes in volume
varied (Table 5.4). These results indicate that the average width o f the beach

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 5.1. Beach width data for the profiles along the northern coast The table
shows the beach width data for each survey date, and the annual change in beach
width between June, 1996, and June, 1997. Profiles S4 and S8 were not included in
the average beach width. The survey marker as S 1 was temporarily lost so no data
were recorded for the February, March, and April survey dates.
Survey Date

SI
(m)

18-Jun-96
9-Oct-96
lO-Dec-96
I7-Feb-97
l2-Mar-97
8-Apr-97
24-Jun-97

2623
30.67
25.40

S2
(m)

S3
(m)

26.58 29.78 22.36
31.38 36.43
-

-

31.39

36.52
33.69
33.72
35.40

Annual Change +5.16

-126

+5.62

-

S5
(m)

S6
(m)

S7
(m)

S8
(m)

17.11 1922
19.79 2120

Average
(m)

-

-

-

17.90
18.54
18.40
16.15

21.84 4323
23.78 54.49
227.46
19.11 18.16 22021
19.08 16.16
19.16 16.91
17.99 13.78
-

23.34

-

-0.96

-1.33

-

-0.14

-

27.77
27.44
26.90
25.32

-

S4
(m)

-

-

-

-

-

-8.06

23.48
2723
-

40
Beach Width

SI

□Jun-96
□ Oct-96
■Jun-97

S2

S3

S5

S6

S7

Figure 5.4. Beach width data for the profiles along the northern coast on the dates
of the initial survey, the post-TSJ survey, and the final survey.
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Table 5.2. Volume data for the profiles along the soundside coast. The table shows
the volume data for each survey date, and the annual change in volume between
June, 1996, and June, 1997. Profiles S4 and S8 were not included in the average
volume. The survey marker as SI was temporarily lost so no data were recorded for
the February, March, and April survey dates.
Survey Date
18-Jun-96
9-Oct-96
lO-Dec-96
17-Feb-97
l2-Mar-97
8-Apr-97
24-Jun-97

SI
(m3)

S2
(m3)

S3
(m3)

163.80 175.12 204.04
154.58 178.81 206.17
147.96
177.31 212.71
177.81 209.98
178.95 20935
162.21 181.69 213.17
-

-

S4
(m3)

S8
(m3)

-

170.54
171.50
171.01
169.69

188.93
18838
188.07
187.53

-

-2.99

-2.95

-9.17

-

-

-

-

-

+9.13

S7
(m3)

192.51 21738
184.89 238.59
292.44
185.93 291.15
189.64
186.97
183.34
-

-

-

+6.57

S6
(m3)

170.18 172.68 190.48
172.57 187.93

-

Annual Change -1.59

S5
(m3)

-

-

Average
(m3)
183.11
180.83
-

-

-

-

-

-

250

-

-

182.94
-0.17

□ Jun-96
□ Oct-96
Jun-97

Volume

m 100

SI

S2

S3

S5

S6

S7

Figure 5.5. Volume data for the profiles along the northern coast on the dates o f the
initial survey, the post-TSJ survey, and the final survey.
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Table 5.3. Total change in beach width for the profiles along the northern coast.
The table shows the change in beach width associated with the impact o f Tropical
Storm Josephine (June, 1996, to October, 1996), and the change in beach width
observed during the post-TSJ period (October, 1996, to June, 1997).
Survey Period

SI
(m)

S2
(m)

S3
(m)

S5
(m)

S6
(m)

S7
(m)

Average
(m)

TSJ
post-TSJ

+4.44
+0.72

+4.80
-6.06

+6.65
-1.03

+2.68
-3.64

+1.98
-3.31

+ 1.94
-10.00

+3.75
-3.89

Annual Change

+5.16

-1.26

+5.62

-0.96

-1.33

-8.06

-0.14

Table 5.4. Total change in volume for the profiles along the northern coast. The
table shows the change in volume associated with the impact o f Tropical Storm
Josephine (June. 1996, to October, 1996), and the change in volume observed
during the post-TSJ period (October, 1996, to June, 1997).
Survey Period

SI
(mJ)

S2
(m3)

S3
(m3)

S5
(m3)

S6
(m3)

S7
(m3)

Average
(m3)

TSJ
post-TSJ

-9.22
+7.63

+3.69
+2.88

+2.13
+7.00

-0.11
-2.88

-2.55
-0.40

-7.62
-1.55

-2.28
+2.11

Annual Change

-1.59

+6.57

+9.13

-2.99

-2.95

-9.17

-0.17
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increased 3.75 m and the average volume o f the profiles decreased 2.28 m3 from the
impact of Tropical Storm Josephine.
The results o f the final survey in June, 1997, indicate that beach width
decreased along every profile, except at SI (+0.72 m), during the post-TSJ period
(October, 1996 to June, 1997) (Table 5.3). The greatest decrease occurred at S7
(-10.00). The results also show that changes in volume varied (Table 5.4). Volume
increased at profiles SI (+7.63 m3), S2 (+2.88 m3), S3 (+7.00 m3), and decreased at
profiles S5 (-2.88 m3), S6 (-0.40 m3) and S7 (-1.55 m3). These results indicate that
the average width o f the beach decreased 3.89 m and the average volume of the
profiles increased 2.11 m3 during the remainder of the winter storm season. In
summary, the final results o f the study indicate that the average width of the beach
decreased 0.14 m and the average volume o f the profiles decreased 0.17 m3over the
course of the one-year monitoring period.
The data clearly show that Tropical Storm Josephine had a significant
impact on the northern coast o f West Ship Island. The storm surge elevated the
water level in Mississippi Sound which resulted in wave erosion of the foredunes
and backshore along the entire length of the soundside coast. The greatest loss
occurred at SI where a large section o f the foredune was destroyed (Figure 5.6).
The sediment eroded from the foredunes and backshore was evidently deposited
along the lower foreshore as water level receded. This effectively increased the
width of the beach and flattened the slope o f the profile. The survey data (Table
5.3) and profile plots (Appendix I) indicate that each profile experienced similar
changes in beach width and morphology from this process. The second greatest loss
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Figure 5.6. Erosion of the foredune and backshore at profile SI that resulted from
the impact of Tropical Storm Josephine on October 7-8,1996. Mike Steinberg is
shown measuring the height o f the foredune. Photo taken by author on October 9,
1996.
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o f volume occurred at S7 where a nearshore bar was removed from the profile
(Appendix 1). The greatest amount o f the bar material was most likely eroded from
the profile during the storm, and whatever remained was most likely transported
offshore when the water level in Mississippi Sound receded.
Profiles S2 and S3 experienced similar changes to those observed at the
other profiles {i.e. backshore erosion and foreshore deposition); however, profiles
52 (+3.69 m3) and S3 (+2.13 m3) increased in volume and the others decreased.
Profiles S2 (+4.80 m) and S3 (+6.65 m) also experienced the greatest increases in
beach width (Table 5.3). Additional material was evidently transported to S2 and
53 and deposited along the lower foreshore. The storm waves approached the island
from the east, so sediment would have been transported westward alongshore
during the storm. Profile S2 was located along the western flank o f a crescent
shaped section of the shoreline. Sediment transported westward alongshore would
accumulate at this type o f location. Profile S3 was located along the western end o f
the nourishment site adjacent to Fort Massachusetts. Nourishment material was
evidently transported westward alongshore during the storm and deposited along
this section of the beach. Approximately 1 m3 of material was also overwashed onto
the backshore at S3.
The remainder o f the study period consisted entirely o f extratropical storm
impacts which was the primary focus o f this study. The first point o f interest is the
total change in beach width and volume that occurred along the coast during this
portion o f the winter storm season (October, 1996 to June, 1997). As noted earlier,
the average width o f the beach decreased 3.89 m and the average volume o f the
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profiles increased 2.11 m3 during the post-TSJ period (Table 5.3 and 5.4). Erosion
and deposition was observed at each profile during this period which suggests that
storm conditions varied considerably (Table 5.2). Armbruster (1997) also attributed
this type o f response to variability in storm conditions. The analysis o f storm
dynamics presented in Chapter 4 indicated that variations in tides could
significantly influence the impacts o f individual storms, and the analysis o f the
1996-1997 storm season presented in Chapter 3 indicated that storm conditions did
in fact vary during the year. Nevertheless, it is important to recognize that the
morphology o f the beach had been disturbed by the impact of Tropical Storm
Josephine, and that the changes observed during this period may not reflect the
changes that occur during an “average” storm season. This observation especially
applies to the annual rate o f change data.
The second point of interest concerns lateral changes in beach width and
volume for evaluating the influence o f northwesterly and northeasterly winds on
sediment transport along the northern coast. Beach width decreased at each profile,
except SI, by the end of the winter storm season (Table 5.3). Volume decreased at
S5, S6, and S7 (-4.83 m3), and increased at SI, S2, and S3 (+ 17.51 m3) (Table 5.4).
These results suggest that sediment was eroded from the eastern end o f the island
and deposited along the western end. Profile SI was located at the far western tip
and appeared to be the end recipient o f this process as it experienced the greatest
increase in volume (+7.63 m3), and was the only profile to increase in beach width
(+0.72 m). As noted earlier, the analysis o f the 1996-1997 storm season presented
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in Chapter 3 indicated that westward sediment transport would prevail along the
northern coast.
Profile S7 was located near the eastern end o f the island and experienced the
greatest decrease in beach width during the winter storm season (-10.00 m) (Table
5.3) (Figure 5.7). Sediment eroded from the beach was evidently deposited along a
nearshore bar which would account for the minimal decrease in volume (-1.55 m3)
(Table 5.4) (Appendix 1). The high rate of shoreline retreat suggests that sediment
transport along the foreshore was essentially non-existent. The profile was located
approximately 15-20 m west of a 400 m section o f the coast that has experienced
severe erosion in the past. The beach has completely disappeared and all that
remains are the exposed roots of small trees and shrubs. This area lies near the
eastern tip o f the island which has re-curved northward into Mississippi Sound. The
re-curved tip o f the island formed a small bay that was sheltered from wave activity
and presently serves as a bird sanctuary. The eroded section o f the coast in question
now lies in the “wave shadow” o f the re-curved tip of the island. The tip o f the
island now blocks easterly waves from reaching this section o f the coast, therefore,
westward sediment transport along the beach has essentially ceased. Sediment
overwashed from the Gulf coast and deposited at S8 by Tropical Storm Josephine,
and subsequent storms, may have enhanced the wave shadow effect at S7.
It is should be noted that a bar was also detected at S7 in June, 1996. The
formation o f the bar at this location suggests that there is a pattern of erosion at this
site in which sediment migrates from the beach to the bar, rather than being
transported alongshore. The beach material is most likely transported to the bar by
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Figure 5.7. Erosion o f the foreshore at profile S7 over the 1996-1997 storm season.
Note the position o f the white pipe near the high water line in the center of the
photo. Also note the position of the foredune to the right of the 4-wheeler on the
right side o f the photo. The pipe was originally placed along the backshore section
o f the beach near the base of the foredune to mark the location o f the profile line in
June, 1996. This photo, which was taken by the author in June, 1997, clearly
indicates that the site has experienced significant landward migration of the
foreshore and the foredune. The absence of a beach farther along the coast (upper
left o f photo) suggests that severe erosion of the foreshore along this section of the
island is common.
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backwash currents during storms. The March 1997 survey detected deposition
along the seaward face o f the bar, but little change along the beach, which indicates
that the bar also received material from transport along the platform.
Profiles S5 and S6 were located along the central section of a long, straight,
stretch o f the coast. Although S5 and S6 both experienced decreases in beach width
(-3.64 m, and -3.31 m, respectively) and volume (-2.88 m3 and -0.40 m3,
respectively) during the winter storm season (Table 5.3 and 5.4), the losses were
minimal. Considering the relative location o f these sites, {i.e. near the midpoint o f
an alongshore transport cell), the minor changes were to be expected (Nordstrom
1992).
Both S5 and S6 experienced similar changes along the foreshore as
sediment was evidently eroded from the lower foreshore and re-deposited along the
backshore. The resulting decrease in volume at S6 was insignificant. The decrease
at S5 is noteworthy because it appears that the sediment loss occurred along the
nearshore platform (Appendix 1). The field study of storm dynamics presented in
Chapter 4 indicated that low tide / low water level periods would likely increase
sediment transport on the nearshore platform. Sediment transport was in fact
observed on the nearshore platform in the form of 2-3 cm o f deposition on the base
of the instrument deployment tripod. The data presented in Chapter 3 indicate that
northeasterly winds prevailed during the 1996-1997 storm season which suggests
that the lost sediment was most likely transported westward. However, the complex
relationship between tides and wind directions identified in Chapter 4 suggests that
the predominant direction o f transport along the nearshore platform, and along the
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foreshore, may vary for individual storm events (Figure 4.11). It is important to
note that sediment located along the central section o f the nearshore platform at S6
appeared to migrate farther offshore (Appendix 1), which suggests an alternative
fate for the sediment eroded from the profile at S5.
Profile S3 was located along the western end of the nourishment site
adjacent to Fort Massachusetts. A significant amount of sediment was deposited
along the backshore during the winter storm season, and the lower foreshore
experienced slight erosion (Appendix 1). Although the profile decreased in beach
width (-1.03 m), the increase in volume (+7.00 m3) suggests that this section o f the
coast received material from the nourishment site (Table 5.3 and 5.4). The analysis
o f the 1996-1997 storm season presented in Chapter 3 indicated that westward
sediment transport would prevail along the northern coast Nourishment material
was evidently transported westward alongshore and overwashed onto the beach at
S3 during the winter storm season.
Profile S2 was located along the western flank of a crescent-shaped section
o f the shoreline. A significant amount of sediment was deposited along the
backshore during the winter storm season, and the lower foreshore experienced
erosion. Although beach width decreased (-6.06 m), the increase in volume (+2.88
m3) suggests that additional material was supplied to this section o f the coast and
overwashed onto the beach. Nordstrom’s (1992) model for estuarine beaches
suggests that profiles located near endpoints o f transport cells experience greater
increases in volume along the foreshore than profiles located near midpoints. The
increase in volume at S2, therefore, appears to be related to two factors: 1) relative
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location within an alongshore transport cell, and 2) predominant direction o f
alongshore transport within the cell. If the predominant direction of sediment
transport along the coast was eastward, profile S2 would be expected to decrease in
volume, not increase. The analysis o f the 1996-1997 storm season presented in
Chapter 3 indicates that the ratio o f northeasterly winds to northwesterly winds was
approximately 2:1, which suggests that westward sediment transport would prevail
along the northern coast of the island. The increase in volume at S2 suggests that
westward sediment transport did in fact prevail during the winter storm season.
The increase in volume at S2 during the winter storm season was slightly
less than the increase observed from the impact o f Tropical Storm Josephine (+2.88
m3, and +3.69 m3, respectively). However, the increase in volume at S3 (+7.00 m3)
during this period was considerably greater than the increase observed from the
impact o f Tropical Storm Josephine (+2.13 m3). Although this was a limited
sample, these data suggest that the prevailing northeasterly winds produced by
extratropical storms during the 1996-1997 storm season played a role in
transporting sediment westward along the coast that was at least equal to, if not
greater than, the impact of Tropical Storm Josephine.
Profile SI experienced the greatest increase in volume (+7.63 m3), and was
the only site to increase in beach width (+0.72 m), during the winter storm season
(Table 5.3 and 5.4). The December 1996 survey indicated that nearly all of the
sediment deposited along the foreshore and nearshore platform by Tropical Storm
Josephine had been eroded from the profile (-6.62 m3) (Table 5.2) (Appendix 1).
However, the June 1997 survey indicated that a considerable quantity o f sediment
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had subsequently been deposited along the backshore and along the entire length o f
the foreshore (+14.25 m3) (Table 5.2). The profile marker on the beach was
temporarily lost (buried) during this period, so the complete pattern o f change
cannot be determined.
Profile SI is located at the far western tip o f the island. This site appears to
have the exact opposite response to that observed at the eastern end of the island at
profile S7. The beach at SI is exposed to storm waves that approach from all
northerly directions, and the beach appears to have been impacted by storms of
greater intensity than the rest of the soundside coast. Washover deposits and beach
scarps high above the shoreline were a common site. Three factors appear to have
influenced the changes at this site. (1) Storm waves in Mississippi Sound may have
overwashed the beach on a regular basis. The nearshore platform at this site is the
narrowest (approximately 100 m) and steepest section along the entire northern
coast, and consequently offers the least resistance to storm waves approaching from
a northerly direction. (2) Storm waves along the Gulf coast may have been
refracted around the tip o f the island and overwashed the beach. The western tip o f
the island is a low-lying, sparsely-vegetated area that is frequently overwashed by
storm waves. The erosion o f a large section o f the foredune at this site by Tropical
Storm Josephine also indicates that storm waves from the Gulf may have been
refracted around the tip and overwashed the beach. This process has been
documented for estuarine beaches at Cape Cod (Ekwurzel 1990) and Delaware Bay
(Jackson and Nordstrom 1992; Jackson 1995), and may account for the significant
increase in volume and the overwashed condition of the beach at SI. (3) Westward
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sediment transport may have contributed to the increase in volume detected along
the foreshore. Evidence o f westward transport was detected at profiles S2 and S3.
As noted earlier, the analysis of the 1996-1997 storm season indicated that
westward sediment transport would prevail along the northern coast o f the island.
Although changes in beach width and volume varied during the winter
storm season (Table 5.2), the trends observed at profiles S2, S3, and S7 clearly
indicate that westward sediment transport was a significant factor along the
northern coast o f West Ship Island. It should also be noted that evidence o f offshore
transport was observed along the nearshore platform at profiles S6 (and possibly at
S5), and that offshore transport o f sediment from the beach to a nearshore bar was
observed at S7. The bar at S7 also appeared to receive sediment by alongshore
transport on the nearshore platform.
The third point of interest to be considered in this study is cross-sectional
changes in the morphology of the beach for evaluating both alongshore and cross
shore trends in sediment transport. Evidence o f westward, alongshore transport was
identified at S 1, S2, S3, and S7 (the response at S7 was evidently related to a
decline in westward sediment transport along the foreshore), evidence o f offshore
transport was identified at S6 and S7, and evidence of onshore transport in the form
o f overwash was detected at every profile except S7 (Appendix I). The direction o f
sediment transport observed along the nearshore platform at S5 is unclear although
it appears to have been offshore.
A closer inspection of the profile data (Appendix 1) indicates that
extratropical storm impacts essentially transformed the morphology o f the beach
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back to its original condition during the winter storm season (October, 1996 to
June, 1997). The profile data indicate that a considerable amount o f the sediment
deposited along the lower foreshore by Tropical Storm Josephine was eroded from
this section of the profile. Every profile, except SI, decreased in beach width during
this period. And sediment was re-deposited along the upper foreshore and
backshore at each profile, except S7 (Table 5.3). This evolutionary process
consisted o f three distinct phases: 1) sediment was eroded from the lower foreshore
and re-deposited along the backshore, 2) a distinct ridge formed along the upper
foreshore, and 3) the ridge was overwashed and sediment was re-deposited along
the backshore. This process can easily be identified at profiles S2, S5, and S6, and
the later phases can be identified at S3. These four profiles resembled their “preTSJ” morphology by the end o f the study period. A conceptual model of this
process is presented in Figure 5.8.
As noted, this evolutionary process was driven by extratropical storm
impacts. Sediment was transported from the lower foreshore to the upper foreshore
during the winter months o f November to February. The ridge along the upper
foreshore developed during the spring months o f March and April. And at some
point in May or June, the optimal storm conditions (coincidence o f high tides,
winds, and waves) were met for a maximum overwash event to occur. The ridge
was overwashed, and sediment was transported to the backshore. The beach
returned to its original morphology at this point of the cycle.
Tropical Storm Josephine had a significant impact on the northern coast of
West Ship Island which altered the morphology o f the beach. Therefore, the
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Phase 1: Storm surge overwashes the beach. Sediment eroded from
foredune / backshore area and deposited along lower foreshore.

October, 1996
(0 Elev. NGVD)

Phase 2: Sediment eroded from lower foreshore and re-deposited
along backshore and upper foreshore.

February, 1997
(0 Elev. NGVD)

Phase 3: Development of rtdge along upper foreshore.

April, 1997

(0 Elev. NGVD)

Phase 4: Upper foreshore ridge overwashed and sediment re-deposited
along backshore - profile returns to “pre-storm” condition.
T5
June, 1997
(0 Elev. NGVD)

Figure 5.8. Conceptual model o f beach profile responses to Tropical Storm
Josephine and subsequent extratropical storm impacts. The upper plot (A) shows
the impact of the initial storm surge. The lower plots (B, C, and D) show the
evolution of the profile as it returns to its “pre-storm” morphology.
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changes in beach width and volume observed during the winter storm season may
not reflect the changes that occur during an “average” storm season. This
observation especially applies to the annual rate o f change data, so no conclusions
were made in regard to the annual rates o f change in beach width and volume that
may be expected to occur along the northern coast dining an “average” storm
season from extratropical storm impacts. Nevertheless, four conclusions can be
made from the results of this study: 1) alongshore sediment transport occurred
along both the foreshore and along the nearshore platform, 2) the predominant
direction of alongshore sediment transport along the northern coast was westward,
and 3) both offshore and onshore forms o f cross-shore sediment transport occurred
along the northern coast, and 4) each o f these modes o f sediment transport were
associated with extratropical storm impacts.
The analysis of storm dynamics presented in Chapter 3 indicated that
variations in tides / water depths could result in sediment transport occurring along
both the foreshore and along the nearshore platform. Evidence of alongshore
transport was observed along the foreshore at profiles S 1, S2, and S3, and along the
nearshore platform at S7 (in the form o f deposition on the nearshore bar). The
analysis of the 1996-1997 storm season presented in Chapter 3 indicated that
westward sediment transport would prevail along the northern coast. The increases
in volume observed at S2 and S3 clearly indicate that the predominant direction o f
sediment transport was westward. Westward transport along the western tip o f the
island evidently contributed to the increase in volume observed along the foreshore
at S I . And a decline in westward transport along the eastern end o f the island led to
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the high rate o f shoreline retreat observed at S7, and to the severe erosion o f the
foreshore along that section o f the coast. Both onshore and off-shore currents were
detected in the storm dynamics data presented in Chapter 4, but more importantly,
the data indicate that variations in tides / water level could enhance storm waves
impacting the beach which could result in overwash. Evidence o f onshore transport
was observed at every profile, except S7, in the form of overwash deposition along
the backshore. Evidence o f offshore transport was observed along the nearshore
platform at S6 (and possibly at S5), and along the foreshore at S7, where sediment
was evidently transported from the beach to the nearshore bar by backwash currents
during storms.
Extratropical storm impacts were evidently associated with each of the
changes observed along the coast during the winter storm season. The changes
observed along the foreshore in turn contributed in some part to the evolution of the
foreshore observed during the study. Therefore, the results of this study also
contribute toward a greater understanding o f the changes that occur along the
northern coast after the impact o f a tropical storm. A final review shows that
Tropical Storm Josephine removed sediment from the foredunes and backshore,
and deposited that sediment along the lower foreshore. The result was an increase
in average beach width (+3.75 m), and a decrease in average volume (-2.28 m3).
During the winter storm season, extratropical storms transported sediment from the
lower foreshore back to the beach. Average beach width decreased (-3.89 m), and
average volume increased (+2.11 m3). At the end o f the study period, the net
changes in beach width (-0.14 m) and volume (-0.17 m3) were insignificant. It
173

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

should be noted that these changes were influenced by the contribution o f sediment
from the nourishment site at Fort Massachusetts, and possibly from overwash or
sediment transport around the western tip o f the island.
THE NOURISHMENT SITE AT FORT MASSACHUSETTS
The initial survey of the profiles that were established at 50 m intervals
along the coast at the beach nourishment site adjacent to Fort Massachusetts was
conducted in April, 1996 (Figure 5.1). The beach was subsequently nourished with
50,000 m3 of material dredged from the navigation channel located along the west
tip o f the island. The second (post-nourishment) survey was conducted in May,
1996. The final survey was conducted one year later in May, 1997. The beach width
data are presented in Table 5.5 and Figure 5.9. The volume data are presented in
Table 5.6 and Figure 5.10. Plots o f the beach profile survey data are presented in
Appendix 2.
The May 1996 survey data indicate that the beach nourishment material
increased the average width of the beach 59.3 m and the average volume o f the
profiles 106.22 m3. The June 1997 survey data indicate that the average width o f
the beach decreased 17.1 m and the average volume of the profiles decreased 16.85
m3. These data indicate that beach width decreased 28.8% and volume decreased
15.9% after the nourishment material had been in place for one year.
The beach adjacent to Fort Massachusetts was previously nourished at some
point between July, 1991, and October, 1991. Between October, 1991, and July,
1993, beach width decreased at a rate of 24.7 m yr'1 (Chaney and Stone 1996).
Unfortunately, the distance surveyed along each profile on each date was
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Table 5.5. Beach width data for the profiles at the nourishment site adjacent to Fort
Massachusetts. The table also shows the average beach width for each survey date,
and the annual change in beach width between May, 1996, and May, 1997.

Survey Date

Wl
(m)

W2
(m)

W3
(m)

W4
(m)

W5
(m)

W6
(m)

Average
(m)

22-Apr-96
16-May-96
29-May-97

18.9
17.6
22.5

16.6
4l_2
51.3

13.6
88.8
813

7.8
126.8
81.8

20.1
123.6
752

32.2
67.0
50.8

183
77.5
60.4

Annual Change

+4.9

+10.1

-7.5

-45.0

-48.4

-16J2

-17.1

Beach Width

METERS

□ Apr-96
□ May-96
May-97

Wl

W2

W3

W4

W5

W6

Figure 5.9. Beach width data for the profiles at the nourishment site adjacent to Fort
Massachusetts.
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Table 5.6. Volume data for the profiles at the nourishment site adjacent to Fort
Massachusetts. The table also shows the average volume for each survey date, and
the annual change in volume between May, 1996, and May, 1997.
Survey Date

Wl
(m3)

W2
(m3)

W3
(m3)

W4
(m3)

WS
(m3)

W6
(m3)

Average
(m3)

22-Apr-96
16-May-96
29-May-97

262.47
262.60
275.85

265.01
300.55
332.00

256.71
387.60
376.66

245.93
448.16
385.44

263.11
479.88
408.28

250.24
302.00
301.49

25125

Annual Change

+13.25

+31.45

-10.94

-62.72

-71.60

-0.51

-16.85

363.47
346.62

500
Volume

Wl

W2

W3

W4

W5

W6

Figure 5.10. Volume data for the profiles at the nourishment site adjacent to Fort
Massachusetts.
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consistently shortened as the shoreline retreated landward, therefore, the volume
data for that period are not suitable for comparison.
Although the rate of shoreline retreat observed after the 1996 nourishment
was lower than the rate of shoreline retreat observed after the 1991 nourishment,
these rates are still significantly higher than those observed along the rest of the
northern coast (Table 5.3). A closer inspection o f the May 1997 survey data
indicates that the central section o f the monitoring area experienced severe erosion,
and that the western section experienced a slight increase in beach width and
volume (Table 5.5 and 5.6). The changes at the nourishment site were related to
four factors: 1) “expected” losses to the nearshore platform (offshore transport)
after nourishment, 2) site conditions, 3) westward sediment transport (by storms),
and 4) aeolian transport to the dunes along the backshore (by storms).
Although the rates of erosion observed after the 1991 and the 1996
nourishments appear to be extreme, Houston (1991) notes that high rates of erosion
are expected after a nourishment project is conducted because the profile has to
“re-equilibrate” to local wave and tide conditions. The re-equilibration process
results in a significant loss of sediment to the nearshore zone where as much as
60% of the original nourishment material may be deposited; however, a significant
amount o f this material is expected to remain within the nearshore section o f the
nourishment area for several years (Houston 1991). Houston (1991) also notes that
some of this material often returns to the beach after storms. Nourishment projects
along bayside coasts appear to be rare, so it is uncertain as to how much volume
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loss to expect during the “re-equilibration” process in an estuarine environment, or
how long the process lasts. However, studies on beach responses to storm impacts
along estuarine coasts indicate that these low-energy, micro-tidal environments may
lack sufficient wave energy to re-transport sediment back to the beach (Nordstrom
and Jackson 1992; Nordstrom 1992).
The conditions at the nourishment site appear to have contributed to the
pattern of erosion observed laterally along the monitoring area. The seaward limit
o f the monitoring area was established at the point at which water depth restricted
further data collection. Inspection o f the monitoring area shown in Figure 5.1
indicates that water depth limited the length o f profile W6 to 140 m and profile W5
to 170 m. This pattern indicates that that the central section o f the nourished beach
at profiles W4 and W5 extended out into the deepest section of the nearshore zone.
The June 1997 survey data indicate that the greatest losses occurred along the
central section of the monitoring area at profiles W4 (-45.0 m, -62.72 m3) and W5
(-48.4 m, -71.60 m3) (Table 5.5 and 5.6). The losses at these two profiles account
for 80% of the decrease in beach width and 92% of the loss in volume. The relative
location of this section of the nourished beach evidently resulted in severe erosion
at W4 and W5 as the newly placed nourishment material began to fill the nearshore
zone in the profile “re-equilibration” process. Evidence of offshore transport o f the
nourishment material at profiles W4 and W5 can be detected on the plots of the
survey data (Appendix 2). Evidence of offshore transport can also be detected at
W3. It is unfortunate that water depth restricted data collection along this section o f
the nearshore platform because it would have been very useful to track the
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movement o f the material into greater water depths. This information would have
been useful in documenting the re-equilibration process, and in determining the fate
o f the material that was lost from the nearshore area.
Westward sediment transport also appears to account for some o f the
material lost from the central section o f the monitoring area. Profiles W3, W4, and
W5 decreased in volume (-145.26 m3) and profiles Wl and W2 increased in
volume (+44.70 m3) (Table 5.6). The plot o f the survey data at W2 indicates that
sediment was deposited along the backshore, foreshore, and the nearshore platform
(Appendix 2). The May 1997 survey data confirm that the profile increased in
beach width (+10.1 m) and volume (+31.45 m3). The plot of the survey data at Wl
shows similar changes, but the increases in beach width (+4.9 m) and volume
(+13.25 m3) were lower. This pattern suggests that some of the sediment from the
central section of the monitoring area was transported westward along the nearshore
platform, and that some o f the material was transported westward along the
foreshore and overwashed on to the backshore at W l and W2. The storm dynamics
data presented in Chapter 4 indicate that extratropical storms produced
northeasterly winds which in turn produced westward currents, thus westward
sediment transport along the northern coast was possible. The pattern o f deposition
observed at profiles Wl and W2 represents empirical confirmation o f westward
sediment transport along the northern coast o f West Ship Island.
The plot of the survey data at W6 indicates that the profile experienced
substantial erosion along the foreshore, and deposition along the backshore, and
along the nearshore platform (Appendix 2). The May 1997 survey data indicate that
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the profile experienced a significant decrease in beach width (-16.2 m), but only a
minor decrease in volume (-0.51 m3). The profile evidently experienced a similar
change to that observed at W4 and W5 in that nourishment material eroded from
the foreshore was deposited along the nearshore platform as part o f the “re
equilibration” process.
The nearshore zone at W6 may also have received sediment from the central
section of the monitoring area by alongshore transport, as did profiles W l and W2.
This scenario, however, suggests that sediment was transported eastward. The
storm dynamics data presented in Chapter 4 indicate that extratropical storms also
produced northwesterly winds which in turn produced eastward currents, thus
eastward sediment transport along the northern coast was possible. Another
possible explanation is that sediment was transported westward alongshore to the
profile site. The profile was in fact located westward o f the actual limit o f the
nourishment area, so nourishment material could easily have been transported
westward and deposited at W6. It is unfortunate that the nourishment site did not
extend farther eastward because it would have provided an ideal opportunity to
document the predominant direction of sediment transport along the foreshore at
the nourishment site. This would be a significant contribution because the 19961997 storm season data presented in Chapter 3 suggest that westward sediment
transport would prevail along the northern coast, but the storm dynamics data
presented in Chapter 4 suggest that variations in tides during a storm could
influence the predominant direction o f sediment transport along the foreshore, and
along the nearshore platform.
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The plots o f the survey data at profiles W3, W4, and W5 show substantial
losses along the surface of the beach, and sediment accumulation on the foredune at
W5 (Appendix 2). These changes were the result o f wind transport. Northerly
winds scour the surface o f the beach at the nourishment site and transport the
sediment to the dimes along the backshore. The dunes at this location are some of
the highest dunes on the island (elevations o f 5-6 m NGVD). This sediment
transport process was evidently driven by extratropical storms during the winter
months. Evidence o f this process was previously documented at Trinity Island,
Louisiana, where northerly winds associated with a cold front passage were
observed eroding the surface o f the beach (Dingier et al. 1992).
The development o f the dune system along the backshore at the
nourishment site evidently began when the first nourishment project was conducted
in 1974. The 1967 aerial photo in Figure 2.3 shows that the area where these dunes
are presently located was underwater at the time. The 1985 aerial photo in Figure
2.4 shows the approximate position of the shoreline before the beach was nourished
in 1974, and the immature state o f the dunes along the backshore area of the
nourished beach at that point in time.
Four conclusions can be made from the results of this study: I) sediment
transport occurred by the actions o f both winds and waves, 2) sediment was
transported alongshore, offshore, and onshore, 3) westward, alongshore sediment
transport was documented at the site, 4) extratropical storms played a significant
role in both alongshore transport by waves, and onshore transport by wind. The
May, 1997 survey data indicate that 145.77 m3 o f nourishment material was lost
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from profiles W3, W4, W5. and W6. This material was transported away from the
site by the actions o f both waves and winds associated with extratropical storms.
Westward sediment transport was confirmed by the pattern o f deposition observed
at profiles Wl and W2, which accounted for 44.70 m3 (30.7%) o f the lost material.
Some of the lost material may have been transported eastward alongshore and
deposited at profile W6. The survey design, however, was unable to determine the
direction of sediment transport to W6. A significant amount o f erosion by wind
transport was observed along the surface o f the beach nourishment site at profiles
W3, W4, and W5. This process was evidently driven by extratropical storm activity
in winter months. Wind erosion apparently accounted for some, but not all, of the
remaining 101.07 m3 (69.3%) of material lost from the monitoring area. The
remainder of this material was most likely transported offshore into deeper water
beyond the limits o f the surveys.
It should be noted that an on-site inspection o f the nourishment site was
conducted on October 9, 1996, the day after Tropical Storm Josephine made
landfall. No significant changes in beach width or volume were detected at that
time. The response o f the nourishment site appeared to be quite similar to that
observed along the remainder of the coast where the average change in beach width
was + 3.75 m and the average change in volume was -2.28 m3 (Table 5.3 and 5.4).
The rates of erosion observed in this study compared favorably with the results of
the earlier study (Chaney and Stone 1996). This indicates that Tropical Storm
Josephine did not have a significant impact on the nourishment site. At the present
rates of erosion, the life expectancy o f the beach nourishment is approximately 4-5
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years. The National Park Service has nourished the site 4 times since 1974 which is
an average interval of 5.5 years.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
The purpose of this research was to investigate the chronic coastal erosion
problem observed along the northern shores o f barrier islands o f the northern Gulf
o f Mexico. The problem has been shown to be related to extratropical storm
impacts in winter. Extratropical storms in the northern G ulf o f Mexico have
received little attention from the scientific community because research in this
region has traditionally focused on the impacts o f tropical storm systems (i.e.
hurricanes). The primary focus o f this research was on extratropical storm activity.
More specifically, the research focused on identifying weather patterns associated
with extratropical storms, the frequency of extratropical storms, the duration o f the
“northerly” winds produced by extratropical storms, and the speed and direction o f
the “northerly” winds produced by extratropical storms. The secondary focus o f this
research was on the effects o f extratropical storms on nearshore wave, current, and
water level conditions, and their impacts on the beach.
Extratropical storm activity along the northern Gulf Coast proved to be
extremely complex. The results o f the historical study o f storm activity (Chapter 3)
indicate that extratropical storms along the northern Gulf Coast were produced by
seven distinctly different weather patterns. This study incorporated the cold front
types identified by Roberts et al. (1987) with the G ulf cyclones studied by Hsu
(1993) into a comprehensive set o f extratropical storm types which makes a
significant contribution to our understanding o f extratropical storm activity along
the northern Gulf Coast. Furthermore, the extratropical storm types for the Gulf o f
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Mexico identified in this study were shown to be related to extratropical storm
types recognized in studies along the U.S. Atlantic Coast which contributes to a
greater understanding of extratropical storm activity throughout the eastern U.S.
coastal region.
The Primary Front extratropical storm type proved to be the most common
and accounted for approximately 75% o f storm activity. The distribution o f storms
during the storm season (September-May) resembled a bell curve with the highest
frequency in January. The duration o f storms varied considerably (avg. = 37.8
hours; std. dev. = 27.7 hours). Mean wind speeds (avg. = 8.3 m sec'1; std. dev. =
1.8 m sec'1) and maximum wind speeds (avg. = 11.6 m sec'1; std. dev. = 2.9 m
sec'1) were relatively consistent. The average duration of storms was highest in the
autumn months, thus the highest magnitude storm events (Class 4 and 5) were most
frequent in the autumn months. These results contribute to the findings o f earlier
studies by Fox and Davis (1976), Dingier et al. (1992), Armbruster et al. (1995),
and Armbruster (1997), and extend our knowledge of “northerly” winds produced
by extratropical storms in the G ulf o f Mexico.
Approximately 70% o f the 506 storms evaluated in this study produced both
northwesterly and northeasterly winds, and northeasterly winds prevailed by a ratio
o f approximately 2:1 during these storms. Approximately 10% of storms produced
strictly northwesterly winds, and approximately 20% produced strictly northeasterly
winds. The average frequency o f storms in these three categories led to the average
duration of northeasterly winds prevailing over northwesterly winds by a ratio o f
approximately 2:1 during a storm season. These results may be used to infer that the
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predominant direction o f sediment transport along the northern coasts of barrier
islands of the northern Gulf o f Mexico is westward. Northeasterly winds
consistently prevailed over northwesterly winds by the greatest margin in autumn,
which suggests that westward sediment transport consistently prevails over
eastward sediment transport by the greatest margin in autumn. The inference can
therefore be made that the greatest “net volume” of westward sediment transport
occurs in autumn. These finding were attributed to the influence o f anticyclones
(high-pressure weather systems with clockwise wind rotation patterns) on wind
conditions along the coast following the passage of the leading cold front. This
observation contributes to our understanding of wind flow patterns during storms
and dictates that future studies consider anticyclones in evaluating storm dynamics
and impacts along the northern Gulf Coast.
The results o f the field study o f storm dynamics (Chapter 4) indicate that
there is a relatively direct relationship between wind direction and current direction
which supports the observation that westward sediment transport prevails. The
results also indicate that there is a complex relationship between tides / water
depths and wave heights. Low tides reduce water depth across the shallow,
nearshore platform which evidently results in storm waves breaking farther
offshore, and thereby expending much o f their energy on the platform before
impacting the foreshore. High tides increase water depth across the nearshore
platform which evidently enables larger storm waves to traverse the platform and
expend their energy on the foreshore. Thus, sediment transport occurs along the
nearshore platform during low tide periods and along the foreshore during high tide
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periods. This relationship has significant implications for storms in which wind
direction shifts from northwest to northeast because a variation in tides could alter
the balance (predominant direction) o f sediment transport along the foreshore and
along the nearshore platform. The findings o f this study confirm the observations of
Armbruster et al. (1995) and Armbruster (1997) on the complex relationship
between tides and wave heights that determines the location of sediment transport
along the profile, and extend our knowledge o f this subject by noting that variations
in tides can influence the effects o f wind shifts during storms and thereby influence
the predominant direction o f sediment transport along the foreshore and the
nearshore platform.
The results o f the field study of storm impacts (Chapter 5) indicate that
extratropical storms influenced changes along the northern coast o f West Ship
Island in two ways: I) alongshore and cross-shore sediment transport by wave
action, and 2) onshore sediment transport by wind action. Evidence of deposition
by westward, alongshore sediment transport was observed at three o f the six beach
profile sites along the northern coast that were monitored over the entire study
period, and erosion due to a decline in westward transport was observed at one of
the remaining three profile sites. Significant evidence o f westward sediment
transport was documented at the beach nourishment site adjacent to Fort
Massachusetts. These results indicate that the predominant direction of alongshore
sediment transport was westward, and thereby confirm the previous inference that
the prevailing northeasterly winds during storms would result in a predominantly
westward direction o f sediment transport along the northern coast o f the island.
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Evidence o f offshore transport was observed along the foreshore at one
profile site and along the nearshore platform at a nearby site. A significant amount
o f offshore transport evidently occurred at the beach nourishment site adjacent to
Fort Massachusetts; however, the survey design was unable to determine the fate o f
the lost sediment. The predominant direction o f cross-shore sediment transport
along the remainder o f the coast was onshore. This finding was related to the
disturbed condition o f the coast following the impact of Tropical Storm Josephine
in October, 1996. The storm eroded sediment from the backshore and foredunes
and deposited that sediment along the lower foreshore, thus increasing the width o f
the beach and reducing the slope o f the profile. Extratropical storm impacts
removed the sediment from the lower foreshore and re-deposited that sediment
along the backshore. All but one profile experienced deposition along the backshore
by onshore transport (overwash) during the winter storm season. The actions o f
extratropical storms effectively transformed the morphology o f the beach back to its
original condition by the end of the study period.
A significant amount of onshore transport by wind erosion was also
observed at the beach nourishment site. Northerly winds during storms scoured the
surface o f the beach nourishment site and transported that sediment to the foredunes
along the backshore. This process evidently began in 1974 when the initial beach
nourishment project was conducted. The area where the dunes are presently located
was underwater in 1974. The dimes have since grown to be some o f the largest on
the island. This observation on wind erosion is supported by the earlier findings of
Dingier et al. (1993) at Trinity Island, Louisiana, that indicated that northerly winds
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produced by extratropical storms eroded the surface o f the beach and thereby
contributed to changes in barrier island morphology.
Evidence from the historical analysis of extratropical storm activity, and
from the field study o f storm dynamics and impacts at West Ship Island,
Mississippi, leads to the following conclusions:
1. There are seven distinctly different types o f weather patterns that
produce extratropical storm events along the northern Gulf C oast
2. The most common extratropical storm type along the northern Gulf
Coast is the Primary Front.
3. The duration o f the “northerly” winds during storms varies considerably;
however, the mean and maximum speeds of the “northerly” winds are
relatively consistent.
4. Approximately 70% of storms produce both northwesterly and
northeasterly winds, approximately 10% produce strictly northwesterly
winds, and approximately 20% produce strictly northeasterly winds.
5. The average annual ratio of northeasterly to northwesterly winds
produced by extratropical storms is approximately 2:1.
6. The anticyclone that follows the passage of the cold front is responsible
for the prevailing northeasterly winds during the storm season.
7. The predominant direction o f alongshore sediment transport along the
northern coast of West Ship Island is westward.
8. Variations in tides during storms can determine whether sediment
transport occurs along the foreshore or along the nearshore platform.
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9. Variations in tides during storms in which wind direction shifts from
northwest to northeast can influence the predominant direction of
sediment transport along the foreshore and along the nearshore platform.
10. Northerly winds produced by extratropical storms in winter erode the
surface of the beach nourishment site adjacent to Fort Massachusetts and
transport that sediment to the dunes along the backshore.
It is perceived that the findings o f this research will assist coastal managers
and the scientific community in developing a greater understanding of extratropical
storm activity and impacts along the northern G ulf Coast. Two areas in particular
that this research contributes to is a greater understanding o f the variability in storm
activity that may occur in a forthcoming storm season, and the different roles that
extratropical storms and tropical storms play in the evolution o f coastal
environments o f the northern Gulf of Mexico.
Further research is needed on the annual variability in storm conditions that
occur at a single location, and on the spatial variability in storm conditions that
occur along the northern Gulf Coast. Further research is also needed on trends in
alongshore sediment transport along the foreshore within isolated cells, especially
in regard to the influence o f variations in tides and wind directions. Additional
research is also needed on cross-shore trends in sediment transport, both along the
foreshore and along the nearshore platform. Researchers should especially focus on
quantifying the relationship between storm magnitude and storm impact for
understanding the implications of long-range predictions on weather conditions
during forthcoming winter storm seasons.
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APPENDIX 1

Profiles o f the beach and nearshore platform along the northern coast o f West Ship
Island, Mississippi (Figure 5.1). A plot o f the pre- and post-Tropical Storm
Josephine surveys, and the final survey, is provided for each profile site. A separate
plot o f all surveys conducted during the study period is also provided for each site.
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The upper plot (A) shows the pre- and post-Tropical Storm Josephine surveys, and
the final survey. The lower plot (B) shows all surveys.
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The upper plot (A) shows the pre- and post-Tropical Storm Josephine surveys, and
the final survey. The lower plot (B) shows an enlarged view o f the beach and
includes all surveys.
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The upper plot (A) shows the pre- and post-Tropical Storm Josephine surveys, and
the final survey. The lower plot (B) shows an enlarged view o f the beach and
includes all surveys.
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Tropical Storm Josephine destroyed the profile markers along the beach at this site
so monitoring was discontinued.
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The upper plot (A) shows the pre- and post-Tropical Storm Josephine surveys, and
the final survey. The lower plot (B) shows an enlarged view o f the beach and
includes all surveys.
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The upper plot (A) shows the pre- and post-Tropical Storm Josephine surveys, and
the final survey. The lower plot (B) shows an enlarged view o f the beach and
includes all surveys.
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The upper plot (A) shows the pre- and post-Tropical Storm Josephine surveys, and
the final survey. The lower plot (B) includes all surveys.
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Tropical Storm Josephine overwashed the Gulf coast and deposited sediment along
the backshore and foreshore at S8. Extratropical storms subsequently overwashed
the Gulf coast and deposited additional material along the profile. Monitoring at this
site was discontinued after the February survey was completed.
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APPENDIX 2

Profiles of the beach and nearshore platform at the beach nourishment site adjacent
to Fort Massachusetts (Figure 5.1). The plots show the results o f the pre- and post
nourishment surveys, and the final survey.
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